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NEW EXPERIMENTS ON ANOMALOUS OSMOSIS 

By KARL SOLLNER amd IRVING ABRAMS 
(From Ote DepartmetU of Physiology, University of Mmnesoia, MitmeaptMs) . 

(Received for publication, May 1, 1940) 

For several years we have been aware of the fact that the well known 
oqperiments of Jacques Loeb/ Bartell,* and others* concerning anomalous 
osmosis* through collodion membranes could not be reproduced satisfac- 
torily. The effects obtained were usually insignificant or poor at best. 

In connection with new work relating to the general theory* of anomalous 
osmosis it became necessary to clear up this matter, especially since it 
se^ed that any clarification might cast considerable light on some basic 
membrane properties. 

When an electrolyte diffuses through a membrane from a more concen- 
trated to a more dilute solution, the sign and extent of anomalous osmosis 
are correlated rather clearl 3 r* with the electrokinetic properties (J’-potential) 
of the membrane and with the dynamic membrane potential (epotential) 
tiiat is observed. Both of these quantities depend ultimately on^ the 
electrical structure of the solid-liquid interphase in the pores of the mem- 
brane. 

The obvious starting point for any experimental investigation was to 
test different brands of collodion. The following preparations were tested: 
Parlodion Mallinckrodt, 5 per cent dissolved in 75 per cent alcohol, 25 per 

‘Loeb, J., J. Gen. Physiol., 1918-19, 1, 717; 1919-20, 8, 173, 255, 387, 563, 577, 659, 
673; and many other papers in the succeeding volumes of the same Journal. 

* Bartell, F. £., and Madison, O. £., J. Physic. Chem., 1920, 84 , 444; Bartell, F. £., 
and Carpenter, D. C, J. Physic. Chem., 1923, 87, 101, 252, 346; BarteU, F. £., Mem- 
brane potentials and their relation to anomalous osmosis, in Mathews, J. H., Colloid 
symppsium monograph. Department of Chemistry, University of Wisconsin, Madison, 
1923, 1, 120; and many other publications. 

* Preuner, G., and Roder, 0., Z. Elektrochem., 1923, 89, 54; Girard, P., Compt. rend. 
Acad, rc., 1908, 146,927. 

* By anmnalous osmosis we mean those phenomena of liquid mass movement which 
occur when dectrolyte solutions dial 3 rze through membranes but are unexplunable on 
the basis of the laws of normal osmosis. 

* Sollner, K., Z. EMUroehem., 1930, 86, 36, 234; Sollner, K., and GroUman, A., Z. EUh- 
trochem., 1932, 88, 274; Tr. Electrochem. Soc., 1932, 61, 477, 487; Sollner, K., KoUoii-Z.,^ 
1933,68,31. 
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cent ether; Collodion Merck, U.S.P.X.; Collodion Biker, U.S.P.; Collodium 
Schering-Kahlbaum "pro analysi;” Collodium Schering-Kahlbaum "fiir 
Membranen;” Collodium Schering-Kahlbaum D.A.B.6. 

When tested with uni-univalent electrol 3 d£s, e.g. KCl, in which we were 
particularly interested, the first fotu: of these brands of collodion gave no 
significant positive results. Schering-Kahlbaum collodion “flir Mem- 
branen” gave doubtful effects. Only Schering-Kahlbaum Ey\..B.6. 
collodion gave decidedly positive results of the order of magnitude de- 
scribed by Loeb.* Correspondingly, bi- and trivalent ions gave only very 
moderate results with membranes of the first four named brands ,of collo- 
dion. Schering-Kahlbaum "fUr Membranen” gave somewhat higher 
values. Here too, only membranes prepared from collodium Schering- 
Kahlbaum D.A.B.6. yielded results approaching in magnitude those re- 
ported by Loeb.* 

This particular brand of collodion, incidentally, was used by Loeb in his 
experiments nearly twenty years ago. Michaelis^ likewise in his classical 
experiments on the dried collodion membrane used Schering-Kahlbaum 
D.A.B.6, as this brand also gave in his hands the most characteristic and 
reproducible results. No satisfactory explanation of the cause of this 
different behavior of the several brands of collodion has been noted in the 
literature. Thus additional insight into the ultimate cause of the peculiar 
behavior of Schering-Kahlbaum D.A.B.6 collodion promised to cast addi- 
tional light on the results of Loeb and Michaelis. 

On the basis of observations to be reported in detail later, it was con- 
cluded that certain impurities or groups foreign to the pxure ideal nitro- 
cellulose were responsible for the "activity” of the actual collodion. The 
purer brands show less activity. The high efficiency of Schering-Kahlbaum 
D.A.B.6 collodion is due to its high content of groups foreign to pure 
nitrocellulose. More specifically, it was concluded that COOH groups, 
due to the presence of pectic substances or to oxidation, cause the relatively 

* Experiments carried out about right years ago with this brand of collodion gave 
decidedly less positive results than our present ones carried out with recently acquired 
Schering-Kahlbaum D.A.B. 6 collodion. 

^Michaelis, L., and Fujita, A., Biochem. Z., Berlin, 1925, 188, 28; 1925, 161, 47; 
1925, 48l» 23; Michaelis, L., and Dokan, S., Z,, Berlin, 1925, 162, 258; 

Michaelis, L., and Ha 3 ra 8 hi, K., Biochem. Z., Berlin, 178, 411; Micha^, L., and 
Perlzweig, W. A., /. Gen. Physiol., 1926-27, 10, 575; Michaelis, L., McEllsworth, R., 
and Weech, A. A., /. Gen. Physiol., 1926-27, Kb 671;>^ichaelis, L., Weech, A. A., and 
Yamatori, A., J. Gen. Physiol., 1926-27, 10, Michaelis, L., BviU. Nat. Research 
Council, No. 69, 1929, 119; KoOoid-Z., 1933, n, 2, and other publications. 
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great activity characteristic of membranes prepared from this particular 
brand of collodion. 

T3u|^nclusion immediately suggested a method of increaang the ac- 
tivii^ of collodion membranes by oxidation. Following a suggestion of 
Meyer and Sievers,* the membranes were oxidized for several hours with 
N^Br solution, prepared by saturating normal NaOH with molecular 
bromine. The activity of the membranes increases with increasing oxida- 
tion \me. The better brands of coUodion withstand 24 *hours oxidation 
without damage, whereas the poorer grades leak and cannot be oxidized so 
long. We have not yet made a study of the optimum conditions for maxi- 
mum acnvity. 

The experimental technique is as follows: Collodion bags are cast in 30 X 110 mm. 
test tubes and allowed to dry several minutes, the suitable drying time varying con- 
siderably with different brands of collodion. Next the bags are filled with water; they 
loosen from the glass spontaneously and are tied to glass rings with thread while still 
filled with water. Following this, they are kept in covered glass containers under water 
to which thymol has been added as a preservative. The membranes so prepared are 
fitted to rubber stoppers provided with a long capillary tubing (inner diameter about 
mm.). Following the suggestion of Loeb,' membranes were selected which, when 
filled with molar sugar solution and placed in water for 20 minutes, yield an osmotic 
rise of about 120 mm. of liquid in the capillary manometer. The adjustment of the zero 
reading is facilitated by a small glass syphon provided with a stopcock, allowing the 
rapid adjustment of the meniscus in the manometer to the proper level corresponding 
to the capillary rise over the outside solution. 

The bag chosen for actual use is filled with solutions of varying (in our experiments 
decreasing) concentrations of first sugar, then KCl, KsS 04 , and Krcitrate. The rise 
of the meniscus in the manometer is noted 20 minutes after the bag is placed in water. 

In the accompanying figures, the abscissae show molar concentrations 
in the collodion bag on a logarithmic scale, the ordinates the rise in level 
of the Uquid in the manometer after 20 minutes (with the exception of the 
values for Loeb’s Ki-dtrate curve (Fig. 1) which are given after 10 minutes). 

Fig. 1 gives for comparison a characteristic set of curves published by 
Loeb.‘® 

Fig. 2 shows the behavior of a membrane cast from one of the less active 
brands of collodion (Merck U.S.P.). This behavior is very characteristic 
and membranes cast froBa one particular lot of collodion imder the same 
conditions give astonishi^jy reproducible results when properly selected 

• Meyer, K. H., and Siever8,^J,-F., J^elv. Chim. Acta, 1936, 19, 66S. 

• Loeb, J., /. Gm. Physiol., l$19-2(f, 2, 93. 

“ Loeb, J., /. Gen. Physiol., 1919-20, 2, 564. 
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aftar the test with sugar (120 mm. rise af^ 20 minutes). The curves given 
in Fig. 2 were actually obtained with twoWembranes, as the first one was 
damaged in the mid^e of the Erdtiate^ curve. Another one was sub- 
stituted givmg the same sugar value and satisfactory agreement within a 
few millimeters at several test points of the RCl, EI 1 SO 4 , and the unfinished 
Krcitrate corves. 
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This latter membrane was then oxidized for 24 hours, washed thoroughly, 
and again tested with sugar, KCl, K 1 SO 4 , and Ki-dtrate in the order in- 
dicated. The values so obtained with the “activated” membrane are 
given in Fig. 3. 

The difference between the unoxidized and the oxidized membrane is 
quite striking. The activity of the oxidized membrane surpasses by far 
the activity of those used by Loeb. 

The differences would be still larger if one measured volumes transferred 
against a zero pressure and not pressure rims with a progresdvely increasing 
back filtration. 

The oxidation method affords a simple and rational means of “activating” 




KARL SOLLNER AND IRVINO ABRAMS 


5 


membranes of otherwise inactive collodion in order to reproduce the Loeb 
experiments on anomalous osmosis. In addition it seems to open up a 
rather promising field of membrane research, for example, the comparison 
of membranes with nearly equal permeability for non-electrolytes but 
showing remarkable differences in their behavior towards electrol 3 rtes. The 
cause for this difference obviously has to be looked for in the g^at difference 
of the charge densities in the pores of the unoxidized and the oxidized mem- 
branes. 


SUMMARY 

1 . It is impossible to reproduce Loeb’s observations on anomalous osmosis 
with membranes prepared from relatively pure brands of collodion, whereas 
positive effects can be obtained using collodion containing acidic impurities. 

2. The inactive (purer) collodion membranes may be activated by oxida- 
tion with NaOBr solution. 

3. Properly oxidized membranes give much greater anomalous osmotic 
effects than those described by Loeb. 




CHEMICAL RESTORATION IN NTTELLA 
IV. Effects of Guanidime 
Bv W. J. V. OSTERHOUT 

(From the Laboratories of The J^kefetter Institute for Medical Research) 
(Received for publication, May 20, 1940) 

The irritability* of NiteUa and likewise its ability to distinguish 
electrically between Na+ and K+ (potassium effect) may be removed by 
leaching with distilled water. This apparently dissolves out a group of 
oiganic substances called for convenience R.* 

Since presumably very little R is present it is not probable that enough 
can be obtmned for analysis. We may, however, try to learn something 
about its nature by seeking substitutes which resemble it in being able to 
restore irritability and the potassium effect.* 

Substances of this sort occur in blood.* To a certain extent ammonia 
and some of its compounds can take the place of R.* Guanidine* has a simi- 
lar action and some of its effects will be briefly described in this paper. 

Cells were kept in distilled water* until they had lost their irritability 
and the potassium effect.* They were then soaked in guanidine hydro- 
chloride* for various lengths of time and tested for irritability and the 

* By this is meant the ability to produce propagated action currents. 

* Osterhout, W. J. V., /. Gen. Physiol., 1939-40, 23, 429. 

* Osterhout, W. J. V., J. Gen. Physiol., 193S-36, 10, 423. 

* Osterhout, W. J. V., /. Gen. Physiol., 1934-35, 18, 987. 

* Guanidine, NH:C(NH 3 )t, is a strong base. 

* The cells, after being freed from neighboring cells, stood in the laboratory at IS” zt 
1®C. in Solution A (c/. Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933-34, 
17, 87} for several days. They belonged to Lot B (c/. Hill, S. £., and Osterhout, W. J. V., 
Proc. Nat. Acad. Sc., 1938, 24, 312). 

The measurements were made on NiteUa fiexilis, Ag., using the technique described 
in former papers (Hill, S. E., and Osterhout, W. J. V., /. Gen. Physiol., 1937-38, 21, 
541). Temperature a^ut 

There was no indication of injury in these experiments. 

* During the leaching in many cases the potassium effect disappears before the 
irritability and the treatment with guanidine may restore the irritability earlier than 
the potassium effect. 

•NHC(NiL)»Ha. 
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potassium effect. In many cases both of these were lestored by the tieat* 
ment with guanidine. some cases the irritability was restored after 15 
seconds in 0.1 u guanidine hydrochloride. In other cases a much longer 
treatment was needed, eq)edally when the reagent was applied at lower 
concentrations (0.01 to 0.0001 ii). Much apparently depends on the con* 
dition of the ceUs* which appear to be highly variable in this respect: this 
is also true of the restoration of the potassium effect.*** 

Dxiring the treatment angle peaks perasted for a time but after the 
potassium effect was restored double peaks made their appearance, as 
mij^t be expected in view of what has been stated in previous papers.** 
We do not know whether guanidine acts like JR or is a constituent or 
catalyst of reactions forming R. But the rapidity with which guanidine 
produces its effects in some cases suggests that it does not merely cause R 
to come out of the vacuole, as has been suggested in connection with the 
restorative action of certain inorganic salts.** 

It should be noted that the rapid restoration of irritability presumably 
involves penetration of guanidine to the inner protoplasmic surface abut- 
ting on the vacuole. The thickness of the protoplasm is less tlmn 10 
microns and may in some places be considerably less, and the penetration 
of an organic substance, such as guanidine, may be rapid. 

The fact that double-peaked action curves make their appearance when 
the potasnum effect has been restored and the outer protoplasmic surface 
has become sensitive to R'*' supports the suggestion made in previous 
papers.** According to this the double peaks dq)end upon the outward 
movement of K*** which sets up a positive p.d. when it reaches the outer 
protoplaamic surface provided the latter is sensitive to K'*'. When it is 
not senutive, as in leached cdls, we see only a single peak but when it has 
been made sensitive to K'*' by treatment with guanidine double-peaked ac- 
tion curves make thdr appearance. 

SXJIOIARY 

Leadiing in distflled water may remove irritability and the potasiuum 
effect in NiieUa but both of these may be restored by ajj^ropriate treatment 
with guanidine. 

^ * Some cdb did not respond readily to treatment with guanidine. 

** When the guanidme has not acted sufficient)^ the potassium effect may be ddayed 
(BOO, S. £., and Ostediout, W. J. V., /. Gtn. PkytM., 1938-39, 38, 107) or incomplete. 
** Osterhout, W. J. V., and HOI, S. /. Cm. Pky$iol., 1939-40, 88, 743. 

** Osterhout, W. J. V., and Hill, S. £., Proe. Nat. Aead. Se., 1939, 88^ 3. 



THE EXPERIMENTAL PRODUCTION OF DOUBLE PEAKS IN 
CHARA ACTION CURVES AND THEIR RELATION TO THE 
MOVEMENT OF POTASSIUM 

By W. J. V. OSTKRHOU'r and S. K. HILL 
(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Rori'ivcd for puldication, May 20, UMO) 

Chara offers an interesting contrast to Nitella: in the latter the action 
curve has two peaks but in Chara there is only one. 

In Nitella the first peak has been accounted for on the ground* that 
when K*, moving outward' from the saj), reaches the outer protoplasmic 
surface it sets up a positive iM). which makes the action curve fall as soon 
as the first rise (the spike) is completed.* This fall in the curve occurs 
only when the outer protoplasmic .surface is sensitive to K ‘ . When it is 
not sensitive to K‘ we find no change of p.d. when O.Ol m NaCl in external 
contact with the cell is replaced by 0.01 m KCl {i.e. no “potassium effect’'). 
We may therefore expect only one peak in the action curve. This situation 
exists in Nitella when the outer protoplasmic surface is made insensitive 
to by treatment with distilled water.** 

In Chara the outer protoplasmic surface* is normally insensitive to K^, 
i.e. shows no potas.sium effect, and the action curve has only one peak, 
as would be anticipated. This is illustrated^ in Fig. 1. 

If the outer surface could be made sensitive to K’ we might expect two 
peaks. This expec tation is realized when the outer surface is made sensi- 

* OsUThout, W. J. V., ./, C.en. Physiol., 1934 .LS, 18, 215. 

- 'fhe cfTrct of K in Nitella and in Chara prcdominati^s to such an \tcnt that it alo'' ‘ 
is mentioned in the following discussion. 

=*()sterhout, W. J. V., ami Hill, S. E., ./. Gen. Physiol., 1959-40, 23, 745. 

’ Presumably the inner protoplasmic surface is sensitive to a> in Nitella and the 
outwardly directed p.d. of about 100 mv. usually present when the cell is in pond 
water is presumably due to the concentration gradient of K* across the inner protoplas- 
mic surface. 

The cells, after being freed from neighboring cells, stood in the laboratory at 15'^ rt 
LC. in Solution .\ (cf. Osterhout, W. J. V., and Hill, S. E., J . Gen. Physiol., 1955 54, 
17, 87). 

'Phe experiments were performed on Chara coronata, 7 a/.. (this is an uncorticated 
Chara with large naked cells like those of Nitella, completely accessible to reagents). 

There was no indication of injury in the.se experiments. 

9 
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DOUBLE PEAKS IN CHARA ACTION CURVES 


tive to K"** by guanidine which has been used to produce double peaks in 
leached cells of Nitella.^ 



Fig. 1. Action curve in a normal 
cell of Chara \vhicii sliows no 
potassium clTect; i.r., the outer 
protoplasmic surface is not sensi- 
tive to K^. 

'Fhe spot recorded, D, was in 
contact with 0.001 m KCl: it was 
connected through the recording 
galvanometer with a spot F killed 
by chloroform and having in conse- 
quence a P.D. of zero. Hence the 
action curve is monophasic. 

The cell was freed from neigh- 
boring cells and kept for 2 days in 
Solution A at 15 rt 1°(\ I’he rec- 
ord was made at 24"C'. X’ertical 
marks 5 seconds apart. 


The treatment consists in soaking the 
cells for various periods in 0.1 to 0.001 m 
guanidine hydrochloride and then testing' 
them for the potassium effect and for 
irritability.^ 

In many cases this treatment produces 
the potassium effect but the time required 
is very variable. In some cases less 
than 4 minutes in 0.01 m guanidine hydro- 
chloride® sufficed: in other cases a much 
longer exposure was necessary, especially 
at lower concentrations (0.01 to 0.001 m). 
The potassium effect is usually less than 
in Nilella. 

Prior to the application of guanidine we 
find only rounded single peaks (as seen 
in Fig. 1) and no potassium effect. Guan- 
idine cannot only bring about a potassium 
effect but, along with this, double peaks 
appear, such as are seen*® in Figs. 2 to 4. 

During this process single peaks may 
persist for a longer or shorter time at cer 
tain places.** This may be due to the 
fact that the potassium effect is not fully 
developed at these places. It appears 
to depend on a group of organic sub- 
stances, called for convenience K. When 
but little R is present in the outer proto- 
plasmic surface the outwardly moving 


fiOsterhout, W. J. \'., ./. Gen. FhysioL, 1940 41, 24 , 7. 

' 'the cells were tested for |X)tassium effect and irrita])ility before the treatment. 
The potassium elT(‘Ct was always absent: as a rule irritability was present. 

* By this is meant the ability to give propagated action currents wlien stimulated 
electrically. 

»NHC(NH2)«IIC1. 

Curves of this form are found in NitelUi both in untreated cells and in leached 
cells treated with various restorative agents. 

** There may even be some fluctuation in the form of the curve at the same spot. 
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may not produce much positive potential and thus there will be no sudden 
change in the curve. Moreover the guanidine, penetrating into the aqueous 
layer of the protoplasm, may tend to act like NaCl in favoring single peaks, ^2 


or may promote protoplasmic motion 
and thus make the moving boundary 
of K+ less sharp, as discussed in a 
previous paper:** this would tend to 
promote single peaks. 

The experiments indicate that the 
movement of potassium is as important 
in determining the shape of the action 
curve as in Nitella^ • ^ The outwardly 
directed** (positive**) p.d. normally 
present in Chara is presumably due 
chiefly to the outwardly directed con- 
centration gradient of across the 
inner protoplasmic surface. When an 
action current occurs this surface pre- 
sumably becomes more permeable. 
I'he concentration gradient then dis- 
appears and with it the positive p.d. 
This causes the rise in the action 
curve (spike). Then is carried 
back into the saj) by the forces which 
normally cause such movement**^ in 
the resting state of the cell. This 
produces recovery*** and the curve falls. 

When the outer protoplasmic sur- 
face has been made sensitive to K* 
by treatment with guanidine we ob- 
serve an additional feature, i.e. on 
reaching the outer protoplasmic sur- 
face K* sets up more or less positive 


V 




Kk;. 2. Action curve of a cell of 
CInira treated with O.Ol M guanidine 
hydrochloridi* for 14 minutes (the po- 
tassium effect was produced ])y this 
treatment: henct* the outer surface was 
sensitive to K'). 

The curve falls btdow the original 
level and then rises at the end: this is 
often found in Chara, 

'The spot recorded, I), was in con- 
tact with 0.01 M guanidine hydrochlo- 
ride and was connected through the 
galvanometer to a s])ot C in contact 
with 0.05 M KC'l which kept the p.d. 
con.stant aj)pr().\imately at zero. In 
consefjuence the action curve is mon- 
ophasic. 

The cell was freed from neighboring 
cells and kept for 21 days in Solution A 
at 15 i CC. 'riie record was made 
at 2i^C. Wrtical marks 5 secon(ls 
apart. 


*- Hill, S. E., and Osterhout, W. J. V., /. Ocn. F/iysioL, 105S 5b, 22, bl. 

** This is about 100 mv. when the cell is in contact with pond water. 

*^The P.D. is called positive when the positive current tends to Ilow from the .sap 
across the protoplasm to the external solution. 

*® Osterhout, W. J. V., J. Gen, Physiol,, lb32- 33, 16, 157. 

*®This is usually more rapid in Chara than in Nitella. 
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DOUBLE PEAKS IN CHAR A ACTION CURVES 


P.D. This may be sufficient to cause a drop in the curve, as in higs. 2 to 4. 
Or it may merely halt the course of recovery and so delay the fall of the 
curve. 

As penetrates the outer protopla.smic surface and its concentration 
gradient across this surface decreases the positive IM). will fall oil. 




Fig. 4 


Fig. 3. Action curve of a cell of Chara treated with 0.01 m guanidine hydrochloride 
for 7 minutes and 46 seconds (the potassium elTeel was produced by this treatment: 
hence the outer surface was sensitive to R*^). 

The spot recorded, E, was in contact with 0.01 m guanidine hydrochloride and was 
connected through the galvanometer to a .spot (I in contact with O.Ol m RCl which 
kept the IM). constant approximately at zero. In consecjuence the action curve is 
monophasic. 

The cell was freed from neighboring cells and kept for 11 days in Solution .\ at 15 d-. 
1°C. The record was made at 23°C. Vertical marks 5 seconds apart. 

Fig. 4. Action curve of a cell of Chara treated with 0.01 ai guanidine hydrochloride 
for 7 minutes and 46 seconds (the potassium effect was i^nxluced by this treatment: 
hence the outer surface was .sensitive to KO- 

The spot recorded, Ey was in contact with 0.01 m guanidine hydrochloride and was 
connected through the galvanometer to a spot C in contact with 0.01 m KCl which 
kept the P.D. constant approximately at zero. In consequence the action curve is 
monophasic. 

The cell was freed from neighboring cells and kept for 11 days in Solution A at 15 ± 
1°C. The record was made at 23°C. Vertical marks 5 seconds apart. 


As the magnitude of this positive p.d. will depend chiefly on the concen- 
tration gradient of K+ across the outer protoplasmic surface it will be 
affected by a variety of factors. The greatest concentration gradient 
will be found when travels outward from the sap in the form of a moving 
boundary.® Anything which tends to disturb this, such as protoplasmic 
motion, will lessen the concentration gradient across the outer protoplasmic 
surface and consequently the positive p.d. 
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The higher the concentration of K'*’ in the aqueous layer of the proto- 
plasm before stimulation the less will be the effect on the p.d. of the out- 
wardly moving K'*'. 

The P.D. will also depend on the sensitivity of the outer surface to K'*' 
and this in turn wiU depend on a variety of factors. It is not known how 
the guanidine acts to sen^tize the surface. It might act like certain organic 
substances (R) responsible for the potassium effect. Or it might be a 
constituent or a catalyst of the reactions by which such* substances are 
formed. Their concentration in the outer protoplasmic surface might fluc- 
tuate as the result of diffusion and chemical change. 

SUMMAEY 

The action curve in Ckara seems to depend (as in Nitetta) on the outward 
movement of K'*' from the sap. 

Presumably the increase in permeability in the inner protoplasmic sur- 
face and the outward movement of destroy the concentration gradient 
of K'*' across the inner protoplasmic surface. Hence the outwardly directed 
P.D. disappears, causing the rise (spike) of the action curve. 

The outer protoplasmic surface is normally insensitive to K'*'. But 
when it is made sensitive to K+ by treatment with guanidine the outwardly 
moving K+ sets up a positive p.n. on reaching the outer surface and this 
causes the action curve to fall, producing a peak. Then the curve has 2 
peaks, the second being due to the process of recovery. 

The action curve thus comes to resemble that of NiteUa in which the 
outer protoplasmic surface is normally sensitive to K*^. 
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The presence in pancreas of a heat stable enzyme capable of digesting 
yeast nudeic add was described by W. Jones in 1920 (1). He found that 
the digestion was not accompanied by any liberation of free phosphoric 
add. Jones’ observations were recently confirmed by Dubos (2). Dubos 
and Thompson (3) carried out a partial purification of the en^nne by means 
of acetone, and named the enz 3 nne “ribonudease.” Schmidt and Levene 
(4) considered the name “ribonudeodepol}rmerase” to be more appropriate 
for the enzyme since they considered that the enz 3 rme had only a depoly- 
merizing effect on yeast nudeic add without the production of mononudeo- 
tides. 

This paper describes the method of preparation as well as some of the 
properties of a crystalline protein recently isolated by the writer (5) from 
beef pancreas which acts as a powerful digestive enzyme on yeast nudeic 
add. The enzymatic activity of the isolated crystalline protein appears 
to correspond to the nuclea.se activity described by the authors mentioned 
before. The name “ribonudease” has been provisionally retained for 
the new crystalline enzyme until definite information becomes available 
concerning the chemical structure of the split products of digestion of yeast 
nudeic add by this enzyme. 

Crystalline ribonudease is a soluble protein of albumin type. Its 
molecular weight is about 15,000. It contains very little, if any, phos- 
phorus. It yields on hydrolysis tyrosine but not tryptophane. Crystalline 
ribonudease is very stable over a wide range of pH. The activity is only 
very slowly diminishe d irreversibly when the protein is heated at 100*C. 
at pH 2.0. Heating at pH 5.0 or higher brings about a gradual denatura- 
tion of the protein with a corresponding percentage loss of enzymatic 
activity. 

The digestion of yeast nudeic add by ribonudease is accompanied by a 
gradual formation of free add groups without any significant liberation 
of free phosphoric add. The split products, unlike the undigested yeast 

15 
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nudeic add, are not predpitable by gkdal acetic add or by 0.5 M hydro- 
chloric add. The products of digestion readily diffuse through collodion 
or cellophane membranes that are impermeable to the imdigested yeast 
nudeic add. Crystalline ribonudease does not appear to exert any signif- 
icant digestive action on thymus nudeic add. 

Dr. R. J. Dubos kindly tested the effect of the new crystalline material on the staining 
characteristics of two strains of pneumococcus (heat killed). He found ‘'that their 
staining characteristics are altered after a few hours incubation;” like the material 
which he described, the new crystalline protein “decreases the affinity of the bacterial 
cells for basic dyes” (personal communication from Dr. Dubos). 

EXPERIMENTAL 

I. Method of Isolation of Crystalline Ribonuclease 

The method of isolation consists essentially in separating the proteins 
of an add extract of fresh beef pancreas by means of fractional predpitation 
with ammonium sulfate. The bulk of the ribonuclease protein is found in 
that fraction which is soluble in 0.6 saturated ammonium sulfate and in- 
soluble in 0.8 saturated ammonium sulfate solution. The details of the 
method are as follows: 

i. Preliminary Treatment , — ^Beef pancreas (about 20 pounds) is removed from the 
animals immediately after slaughter and immersed at once in enough ice cold 0.25 n 
sulfuric add to cover the glands. It can then be stored at for a day or so, or worked 
up immediately. The pancreas is removed from the acid, cleaned of fat and connective 
tissue, and then minced in a meat chopper. The minced pancreas is suspended in an 
equal volume of cold 0.25 n sulfuric acid and is stored at about 5*’C. for lS-24 hours. 
It is then strained through cheese doth. The strained fluid is brought to 0.6 saturation 
of ammonium sulfate by dissolving 390 gm. of salt in each liter of strained fluid. The 
mixture is Altered through 50 cm. fluted Alter paper (No. 612 Eaton and Dikeman Co., 
Mt. Holly Springs, Pa., or No. 1450)^ Schleicher and SchflU). The dear Altrate (0.6 F) 
is used for the preparation of ribonudease while the residue on the paper (0.6 P) can be 
used for the isolation of chymotrypsinogen, trypsinogen, trypsin, and trypsin inhibitor 
compound.^ 

The dear Altrate (0.6 F) is brought with solid ammonium sulfate to 0.8 saturation 
(140 gm. per liter of Altrate) and the precipitate formed is allowed to settle for 2 days 
in the cold room. The settling is greatly facilitated by occasional stirring and removal 
of foam during the Arst day of standing. The clear supernatant fluid is siphoned off and 
rejected, while the remaining suspension is Altered with suction through hardened paper; 
yidd about 30 gm. 

*2. Isolation of Ribonuclease Crystals.— Each 10 gm. of the semi-dry predpitate is 

^ The precipitate (0.6 P) is scraped off the Alter paper and suspended in about 3 
volumes of water. The procedure for further treatment is the same as described by 
Kunitz and Northrop for the treatment of the original acid extract of fresh beef pancreas 
in the preparation of ch 3 rmotrypsinogen etc. (6). 
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dissolved in 50 ml. distilled water, the pH of the solution is adjusted by means of a few 
drops of 5 N sodium hydroxide to pH 4.8, and then 50 ml. of saturated ammonium sulfate 
is added with stirring.- The solution is fdtered with suction through soft paper with 
the aid of about 1 gm. of Filter-Cel.^ The clear fdtratc is brought to pH 4.2 (tested 
with methyl orange) by means of a few drops of 1 n sulfuric acid and then 66 ml. satu- 
rated ammonium sulfate is added per 1(K) ml. of filtrate. The saturated ammonium 
sulfate is added slowly with stirring. The precipitate formed is filtered with suction 
through hardened paper; yield about 8 gm. Each 10 gm. of final filter cake is dissolved 



Fk;. 1. Crystals of ribonuclease. X 248 and 190 


in 10 ml. of water and is refiltered with .suction through .soft paper on a small Biicht'.er 
funnel with the aid of 0.5 gm. Filter-Cel. The residue is washed several times with 2-5 
ml. water. The combined filtrate and washings are made up with water to a volume 
of 20 ml. and 7 ml. saturated ammonium sulfate is added with stirring. The clear 
solution is left at 20-25 °C. Crystals of ribonuclease in the form of thin, long plates or 
fine needles gradually appear (Fig. 1). The crystals arc filtered after 2 or 3 days; yield 

- The pH is determined approximately by mixing on a test plate 1 drop of 0.01 per 
cent neutralized methyl red (or any other indicator depending on the pF range) with 
1 drop of the solution and the color is compared with the color of 1 drop standard buffer 
solution mixed with the indicator on the plate. 

® Supplied by Johns-Manville Corporation, New York. 
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1-2 gm. More saturated ammonium sulfate is added to the filtrate until a slight tur- 
bidity is formed. A second crop of crystals appears after several days; yield 2 4 gm. 

J. Alternate Method of Isolation of Rihomiclcasc Crystals. -The following method, 
described in the preliminary publication, is somewhat simpler in operation but it yields 
fewer crystals. The 0.25 n acid extract of the minced pancreas is brought to 0.7 satura- 
tion with solid ammonium sulfate and filtered. The filtrate is then l)roughl to 0.8 
saturation with more ammonium sulfate and is refiltered with suction. 

Crystallization. - 10 gm. of the semi-dry precipitate is dissolved in about 10 ml. of 
w'ater. The solution is filtered with the aid of about 0.5 gm. of Filter-Cel through soft 
filter paper on a small Buchner funnel; the residue on the paper is washed with water. 
The combined filtrate and washings are brought to a final volume of 20 ml. Saturated 
ammonium sulfate is then added sIowK with stirring until a very faint turbidity appears. 
'Fhc pH of the solution is adjusted first to about pH 5.0 with the aid of a few drops of 
l.O sodium hydroxide and then to pH 4.2 by means of 1.0 n sulfuric acid. 'Fhe solu- 
tion is allowed to stand at about 20°(\ An amorphous precipitate rapidly forms. 'Fhis 
changes within 1 or 2 days into a mass of fine needles or aggregates of long thin plates. 
The ciw'stals arc filtered after 2 or 5 days. 'The filtrate on further addition of saturated 
ammonium sulfate yields more crystals. 

4. Recrystallization. Each 10 gm. of semi-dry filter cake of crystals is dis.solved in 
20 ml. of water. This solution is filtered with suction through soft paper with the aid of 
1 gm. of Filter-Cel. I’he residue is washed with water. The combined filtrate and 
washings are made up to 30 ml. with water. 10 ml. saturated ammonium sulfate is 
added. Rapid crystallization takes places at 20 25^,. 1'he crystals are filtered olT 
after 1 or 2 days; yield about 5 gm. 'Phe filtrate on further addition of saturated am- 
monium sulfate gives more crystals; yield about 2 gm. 

5. Rccrystdllization in Alcohol. - Ribonuclease is readily recrystallizable in dilute 
alcohol. The material has to be (juite pure, however, and salt free. I'he procedure for 
crystallization from alcohol is as follows: Ribonuclease is first recrystallized twice by 
means of ammonium sulfate as described in the preceiling section. 10 gm. of the crystal 
cake from the final crystallization is dissolved in 15 ml. of water and is dialyzed in a 
collodion bag for 24 hours against cold distilled water by the method of Kunitz and 
Simms (7). The dialyzed solution is made up with water to 50 ml., is cooled to about 
5°C., and then 60 ml. 95 per cent alcohol of the same temperature is added with stirring. 
A heavy amorphous precipitate is formed which on standing in the cold r(K)m changes 
within several hours into a mass of fine fan shaped rosettes (Fig. 2) of rectangular or 
needle shaped crystals. 'Phe crystals are filtered with suction after 2 days, and washed 
several times with cold 95 per cent alcohol. "Phey are dried for 24 48 hours in a desicca- 
tor over calcium chloride and then in the room for about 24 hours. The dry powder can 
be stored in a cool place indefinitely; yield is about 3 gm. of dry crystals. 

II. Digestion of Yeast Nucleic Acid by Crystalline Ribonuclease 

Addition of crystalline ribonuclease to a solution of yeast nucleic acid 
under appropriate pH and temperature conditions brings about a gradual 
splitting of the nucleic acid molecules into smaller components. This is 
shown by an increase in the difTusibility of the nucleic acid. The splitting 
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of the molecules of yeast nucleic acid by the new enzyme is accompanied by 
formation of titratable acid groups without the liberation of free phosphoric 
acid. 

L Diffusion through Collodion or Cellophane Membranes , — The striking 
difference in the diffusibility through cellophane between digested and 
undigested yeast nucleic acid 
is shown in Table 1. The 
split products of digestion 
diffuse readily through mem- 
branes which are practically 
impermeable to the undi- 
gested acid. Similar results 
were obtained with collodion 
membranes. 

2. Diffusion Measure- 
ments. An ai)proximate esti- 
mate of the relative molec- 
ular size of the split products 
as compared with the size of 
the undigested yeast nucleic 
acid is conveniently obtained 
by measuring the diffusion 
coeilicient of the material. 

The method of Northrop and 
Anson (8) has been employed 
for this purpose. 

E.x peri mental Procedure. 50 
ml. 6.5 per cent yeast nucleic acid 
in O.l M sodium acetate pH 6.0 and 
containing 10 mg. of crystalline Yu,. 2. Crystals of riboiuiclease in alcohol. X 1^>0 
rihonucleasc was left for several 

days at 5"C. until the maximum amount of digestion was reached. This solution and 
also a similar solution of nucleic acid but free of riboiuiclease were then used for the 
diffusion experiment. Tht; materials were allowed to diffuse into 20 ml. 0.1 M sodium 
acetate of pH 6.0 which was changed daily and analyzed for total phosphorus content. 

I'he results are shown graphically in Fig. 3. The data for the diffusion 
coefficient at 5°C. of the digested as well as of the undigested yeast nucleic 
acid were plotted against the percentage of the material in the diffusion cell 
permitted to diffuse into the aqueous solvent. The graphs show that the 
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diffusion coefficient of the digested nucleic acid is practically constant until 
SO per cent of the material has diffused and is numerically twice as great 
as the diffusion coefficient of the undigested acid.** If the assumption is 
made that the molecules of undigested acid, as well as of the split products, 
are spherically shaped, then the corresponding molecular volumes are 
approximately in the ratio of 8:L The gradual decrease in the diffusion 
coefficient of the digested nucleic acid shows that the molecules of the split 
products are not all of the same size. The decrease may be due also to 
remnants of undigested nucleic acid. 


TABLE I 


Diffusion through Cellophane 

Inside the cellophane bag: About 20 ml. 1.0 per cent yeast nucleic acid in 0.2 m 
borate buffer pH 7.0 and containing 7 mg. of ribonuclcase. Control without enzyme. 
Outside the bag: 30 ml. of same buffer solution without nucleic acid. 

Left at 20*^0. Samples analyzed for total phosphorus concentration. 


Control without cn^syme Digestion mixture 


Total phosphorus inside originally about 0.7 mg. /ml. 
mg. phosphorus per ml. I 


Outside solution 


After 2.5 hrs 

I Trace 

0.0083 

0.166 ! 

0.167 

After 24 hrs 

0.059 

‘ 0.089 

0.37 ' 

0.24 

Inside solution 

After 24 hrs 

i 0.59 

i ! 

i 0.69 i 

0.32 

0.33 


3. Ejfecl of Digestion on Precipitation with Glacial Acetic Acid. Un- 
digested yeast nucleic acid is insoluble in concentrated acetic acid or in 
dilute hydrochloric or sulfuric acid; hence addition of these acids to a 
solution of yeast nucleic acid brings about complete precipitation of the 
nucleic acid. The effect of digestion of yeast nucleic acid by crystalline 
ribonuclease is to prevent the precipitation by acetic or other acids. 'I'his 
effect is very striking in the case of dilute solutions of yeast nucleic acid. 
Concentrated solutions of digested nucleic acid continue, however, to 
give precipitates when mixed with the precipitating reagents even after 
long digestion with an excess of enzyme. A quantitative study shows that 
the undigested material which is still precipitable amounts to 10-15 per 
cent of the total nucleic acid in solution. This may be due to the presence 
of some modified nucleic acid which cannot be attacked by the enzyme. 

^ Similar results were obtained by Dr. H. S. Loring. Personal communication. 
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Fig. 3. Diffunon coefficient of digested and undigested yeast nudeic add in 0.1 if 
sodium acetate pH 6.0 and 5”C. 



Fig. 4. Effect of teaqieiatuK on the cate of digestkm of yeast nudeic add by xibe- 
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(a) Effect of Concentration of Eruytne.—'Tvloe& containing 0.5 ml. 2 per 
cent yeast nudeic add in 0.1 m borate buffer pH 8.0 and 0.5 ml. of various 
concentrations of ribonudease in water were placed in a water bath of 25'*C. 
for 10 minutes. 10 ml. of gladal acetic add was then added to each tube, 
mixed thoroughly, and filtered after 5 minutes through No. 42 Whatnum 
paper. The total phosphorus per milliliter of filtrate was measured and 
designated as “soluble phosphorus.” The results are given in Table II 
which shows that addition even of one part of ribonudease to 2,000 parts 
of substrate causes formation of soluble phosphorus in 10 minutes at 25‘’C., 
equal to 73 per cent of the total phosphorus in the substrate. The ulti- 
mate extent of digestion even in the presence of a large excess of enzyme is 
87 per cent. 

(5) Effect of Temperature . — The optimum temperature for the rate of 
digestion as measured by the rate of formation of soluble phosphorus is 


TABLE n 

Digestion of 1 Per Cent Yeast Nucleic Add by Crystalline Ribonudease at 2S’‘C. 
Total phosphorus equals 0.75 mg. per ml. digestion mixture. 


Iff* ribonudcftse per mL digestion miiture 

0 

O.OOS 

0.05 

0.5 

5.0 

Mg. ‘‘soluble phosphorus” formed in 10 
min. per ml 

0.118 

0.545 

0.605 

0.630 

0.650 

Per cent 

16 

73 

81 

84 I 

87 



65*’C. as shown in Fig. 4. The rapid decline in the rate of digestion at 
temperatures above 65*’C. is probably due to the inactivation of the enzyme. 

Experimental Procedure. — ^Tubes containing 1 ml. yeast nudeic add (0.5 mg. total 
phosphorus per milliliter) in 0.1 u acetate buffer pH 5.0 were placed for 3 minutes in 
water baths of various temperatures, then mixed with 1 ml. ribonudease solution in 
water of 25‘’C. The digestion mixtures were left for 10 minutes at the various tempera- 
tures. The digestion was stopped by addition of 2 ml. uranium acetate reagent (see 
Methods). Control tubes containing mixtures of 1 ml. yeast nudeic add and 1 ml 
water were treated in the same manner as the digestion mixtures. 

(c) Effect of pH. — ^Fig. 5 shows that ribonudease acts best in the range 
of pH 7.()-8.2, the optimum being at pH 7.7. 

Experimental Procedure.— \ ml. yeast nudeic add (0.5 mg. total phosphorus per 
milliliter) in 0.1 u borate buffer of various pH plus 1 ml. ribonudease, 0.0013 mg. per 
mL, in water. Final pH measured by means of a {^ass electrode. Digested 10 minutes 
at 25X., then 2 mL uraiuum acetate reagent added. 
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(jl) Kinetics of the Reaction . — ^The digestion of yeast nudeic add by 
cr 3 rstalline libonudease when measured by the rate of formation of soluble 
pho^horus follows the course of a typical enqnnatic reaction. 



Expermeetei Proceime.—Vi ml. yeast nudeic add (0.5 mg. total phosphorus per 
milliliter) in 0.1 M acetate buffer pH 5.0 plus 5 ml. ribonudease in water. Left at 25*C. 
SftiwplM of 1 mL plus 1 ml. 1 v hydrochloric add, centrifuged after 10 minutes. Total 
jdiosphorus in supernatant measured. 

]|^ig. 6 shows the effect of two different concentrations of ribonudease 
on tte rate of digestion. The time required for any amount of digestion 
is inversely proportional to the concentration of ensyme in solution while 
tins ultimate amount of digestion is independent of the amount of enzyme 
used. 
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A mathematical analysis of the kinetics of the process is complicated by 
the fact that the enzymatic action is alwa}rs accompanied by a significant 
amount of spontaneous hydrolysis of the substrate. 

4. FormaUon of Free Acid. — ^The digestion of yeast nucleic add by crystal- 
line ribonudease is accompanied by a gradual formation of titratable add 
groups. The rate of formation of free add is much slower than the rate 
of formation of soluble phosphorus as shown in Fig. 7. The ultimate 
amount of gram atoms of free add formed is about one-half df the ultimate 
amount of gram atoms of phosphorus non-predpitable in concentrated 
acetic add. 

Experimental Procedure . — 100 ml. 1 per cent yeast nucleic acid in 0.1 u acetate buffer 
pH 6.0, plus 2 ml. 0.1 per cent ribonudease (or 2 ml. water in control). Left at S°C. 
Samples of 1 ml. were mixed with 10 ml. glacial acetic acid for measurement of soluble 
phosphorus. At the same time samples of 5 ml. were pipetted into 50 ml. centrifuge 
tubes and titrated with 0.02 u sodium hydroxide to a definite pink color using 0.5 ml. 
0.1 per cent phenolphthalein as an indicator. 

III. Properties of CrystaUine Sibonuclease 

1. Chemical and Physical Properties. — ^Table HE contains data for the 
elementary analysis and for other chemical and physical properties of 
ribonudease. The material is a protein with a molecular weight of about 
15,000. 

2. Stability. — ^An aqueous solution of crystalline ribonudease is quite 
stable over a wide range of pH when kept at temperatures below 25°C. 
Heating to higher temperatures causes gradual loss in enzymatic activity. 
The rate of inactivation varies, however, with the pH of the solution. 
The effect of heating solutions of ribonudease at 100°C. is shown 
in Table IV. It is evident that ribonudease is more stable in add than in 
neutral or alkaline solutions. The region of maximum stability is between 
pH 2.0 and 4.5, as shown in Fig. 8. 

Experimental Procedme . — ^Tubes containing 1 ml. 0.01 per cent ribonudease in water, 
adjusted with add or alkali to various pH (measured by a glass dectrode) were kept in 
boiling water. The tubes were removed from the boiling water at various times, plunged 
for 1 minute in ice water, and left at room temperature for 30 minutes. The cooled 
solutions were then adjusted by means of add or alkali to pH 4.0 for activity meas- 
urements. 

3. Change in Ensymatic Activity with Decrease in Native Protein . — 

(a) Pepsin Digestion of iJfftwtKcfcaje.— Crystalline ribonudease is readily 

digestible by pepsin in add solution. 
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(6) DmaturaUon by Heat . — ^The gradual inactivation of ribonudease 
when heated at 100°C. is accompanied by gradual denaturation of the 
protein. The rate of denaturation can be measured by the change in the 
solubility of the protein in ammonium sulfate solution. 

TABLE IV 



3 4 

pH 


Fig. 8. Eiffect ol pH on stability of ribonudease at 100°C. 

Experimental Procedure . — A series of tubes each containing 4 ml. 0.2 per cent riltonu- 
MMiaA in 0.02 H acetate butter pH 5.8 was placed in boiling water. The tubes were 
removed at various intervals of time, cooled rapidly under running cold water, and 
allowed to stand at 20*’C. for 5 minutes. Samples of 1 ml. of the cooled solutions were 
HilntAd with 0.01 If acetate buffer pH 4.0 for activity measurement, wlule spiples of 2 
mL of the cooled jml u tinng were mixed with 4 ml. of saturated ammonium sulfate for the 
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Fio. 10. Solubility of three times crystallized ribonudease in 0.6 saturated ammonium 
sulfate pH 4.0 in the presence of increasing quantities of solid phase. 


TABLE V 

Denaiuralum of Crystalline Ribonudease at 


TimettUWC 

Activity 

Native protein 

min. 

pmetnt 

PmcmU 

0 

100 

100 

5 

86 ^ 

83 

10 

78 

77 

20 

« t . 

61 

30 

52 

48 
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detennination of the amount of denatured pidtein formed. The unheated samide of 
ribonudease did not show any trace of precipitate in the ammonium sulfate mixture 
while the mixtures of the heated samples with 2 volumes of saturated ammonium sulfate 
telution gave rise to precipitates of denatured protein. The amount of precipitate 
formed increased with the time of heating of the sample at 100°C. 

The ammonium sulfate mixtures were allowed to stand 5 minutes at 25'’C. and then 
filtered through small No. 42 Whatman filter paper. The concentration of native pro- 
ton in the filtrates was determined by precipitation in 10 per cent trichloracetic acid. 

The results are given in Table V. The experiment shows that the inacti- 
vation of ribonudease at 100°C. is accompanied by a corresponding propor- 
tional loss in the concentration of native protein in the ribonudease solution. 

{c) Inactivation by Alkali . — ^When ribonudease is exposed to the action 
of alkali of pH 12 or higher it gradually loses its enzymatic activity. The 
loss in activity is also accompanied by a change of the native protein into 
denatured protein which, like the denatured protein produced by heat, is 
insoluble in 0.66 saturated ammonium sulfate. Experiments showed 
repeatedly that the rate of inactivation by alkali is proportional to the rate 
of change of the native protein into denatured protein. 

It is thus evident that changes brought about in the protein molecule 
by various agents such as heat, alkali, or pepsin, are reflected in every 
case by a corresponding change in the emqrmatic activity of the molecule. 
This suggests that the enzymatic activity is directly related to the protein 
molecule. 


IV. Tests of Purity of Crystalline Ribonudease 

1. Repealed Crystallization . — Crystalline ribonudease becomes relativdy 
pure after two or three oystallizations and it retains through further 
repeated crystallization a constant activity per unit dry weight. 

2. Fractional Crystallization.— The material after purification by two or 
three recrystallizations does not show any difference in the properties oi 
the various crops of crystals obtained through fractional crystallization in 
various concentrations of ammonium sulfate. The spedfic activity of the 
first small crop of crystals does not differ from the specific activity of the 
succeeding crops and even from the spedfic activity of the last small amount 
of material left in solution in the mother liquor. 

3. Solubility Tesf.— The th^ry as well as the technique of the solubility 
test for the purity of a proteinHuis been described elsewhere (13) . Measure- 
ments were made here of the solubility of crystalline ribonudease in 0.6 
saturated ammonium sulfat^j^H 4.0 in the presence of increasing amounts 
of crystals of ribonudease in suspenrion. 
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BxperimenkU Pfocedmer-Tbt material used had been lecrystallised thzee times and 
then washed several times at 20^C. with 0.6 saturated ammonium sulbte made up in 
0.04 1 C acetate buffer pH 4.0 until the solubility of the crystals in the solvent became 
ccmstant. Increasing amounts of a concentrated suspension of the cr 3 rstals in 0.6 
saturated ammonium sulfate pH 4.0 were made up in Lusteroid tubes* of about 20 mL 
capacity, each provided with a Pyrex glass bead, to about 20 ml. with the same solvent. 
The tubes were stoppered with one-hole rubber stoppers and then plugged with short 
glass rods so as to remove all the air from the tubes. The suspensions were rocked for 
24 hours and then centrifuged in an angular centrifuge* for 20 minutes at 3500 R.p.if. 
All operations, including the centrifuging, were done in a constant temperature room of 
20®C. db 0.5®. Samples of the total suspensions as well as of the clear supernatant 
solutions were analyzed for activity and protein nitrogen. 

The results are shown in Fig. 10. The solid lines represent the theoretical 
solubility curve of a pure substance. The experimental points fall on the 
theoretical lines except for one or two points. This indicates the possible 
presence of a small amoimt of impurities in the material used. The 
analytical data for the concentration of protein nitrogen were used. The 
same result would be obtained if the activity data were used for plotting 
the curve since the ratio of activity to protein nitrogen was found to be 
practically constant in all cases. 

4. Electrophoresis Test . — ^Ribonudease after several recrystallizations 
does not show the presence of impurities differing in mobility from the bulk 
of material when tested by electrophoresis (12). 

Methods 

1. Estimation of Ribonuclease Activity . — ^Ribonudease activity is expressed in terms 
of the rate with which the enzyme changes purified yeast nudeic acid into a form no 
longer predpitable either by acetic acid, by hydrochloric acid, or by a solution of uranium 
salt in trichloracetic acid. The last reagent, first suggested by MacFadyen (14), was 
foimd to give more reproducible results than acetic or hydrocUoric acids. In general 
the measurements were confined to the initial stage of digestion where the effect is 
nearly proportional to the concentration of enzyme used. The rate of digestion is 
determined quantitativdy by adding the precipitating agent to samples of the digestion 
mixture, filtering off the precipitate formed, and finally ai^yzmg the filtrate for total 
phosphorus. 

{a) Precipitation by Uranium Acetate in Trichloracetic Acid.— Yea&t nudeic add is 
predpitable from solution when mixed with an equal volume of 0.25 per cent uranium 
acetate in 2.5 per cent trichloracetic acid. The amount of precipitate is, however, 
decreased as the nudeic acid is digested by ribonuclease until it readies a minimiitri of 
about 60 per cent in completdy digested nudeic add. 

Experimental Procedure . — 1 ml. of a solution^of yeast nuddc add (purified as de- 

* Lusteroid Container Company, South Orange, New Jersey. 

• Aktiebolaget Winkel Centrifuge, type S. P., Stockholm, Sweden. 
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scribed later) in 0.1 u acetate buffer pH 5.0 and containing 0.5 mg. total phosphorus is 
mixed with 1 ml. of ribonudease solution containing from 0.001 to 0.01 mg. protein 
nitrogen in 0.01 u acetate buffer pH 4.0. The mixture is left for 10 minutes at 25*’C. 
2 ml. of uranium acetate is then added from a pipette, thoroughly mixed, left for 30 
minutes at 25^C., and filtered through 7 cm. No. 42 Whatman filter paper. 2 ml. of 
filtrate, which is equivalent to 1 ml. of the original digestion mixture, is analyzed for 
total phosphorus content. This is designated as soluble phosphorus. The ribonudease 
activity unit [N.U.] is defined as the activity which gives rise under these standard 
conditions to the formation of 1 X 10^ mg. soluble phosphorus per milliliter of digestion 
mixture in a range of concentrations of enzyme where the amount of soluble phosphorus 
formed is proportional to the concentration of enz3rme used. For convenience a standard 
curve is plotted, soluble phosphorus vs, [N.U.] from data obtained by measuring the 
activity of a series of dilutions of ribonudease of a known enzyme content. The activity 
of any unknown solution of ribonudease can then be determined from a single measure- 
ment by means of the standard curve. It was found generally that pure ribonudease 
contains about 1000 [N.U.] per mg. protein nitrogen. This value varies considerably, 
however, with the sample of yeast nucleic acid used. The method for the measurement 
of activity was found also to be very sensitive to slight changes in pH of the substrate, 
as weU as to the age of the solution. Hence, fresh solutions of nudeic acid have to be 
used and the pH carefully adjusted in order to obtain more or less reprodudble results. 

(6) Precipitation by Glacial Acetic or Hydrochloric Acid, — ^The procedure is the same 
as described in (a) except that 20 ml. of glacial acetic acid or 2 ml. 1.0 m hydrochloric 
acid instead of 2 ml. of uranium acetate reagent is added for the precipitation and the 
suspensions filtered after standing 5-10 minutes instead of 30 minutes. 

The precipitation by acetic acid or by hydrochloric acid was found to be affected 
greatly by the presence of traces of ammonium sulfate and, in general, is less reproducible 
than the precipitation by the uranium acetate reagent. 

2, Purified Yeast Nucleic Acid, — Commercial preparations of yeast nucleic acid were 
purified by reprecipitation with glacial acetic acid. 

Experimental Procedure, — A suspension of 100 gm. commercial yeast nucleic acid in 
500 ml. water was cooled in an ice water bath to about 2°C. 5 n sodium hydroxide was 
then added slowly until a clear solution was obtained. Care was taken to keep the 
solution cold and the pH not in excess of 6.0, as tested colorimetrically on a test plate. 
The volume of the solution was measured, 5 volumes of glacial acetic acid added, and 
the whole allowed to stand at 20-25®C. for 10 minutes. The precipitate formed was then 
filtered with suction on a large funnel, washed twice with about 100 ml. of water, and 
three times with 95 per cent alcohol. The dry precipitate, about 80 gm., was resus- 
pended in 400 ml water and treated as in the first precipitation. The final precipitate 
was washed with water, alcohol, and finally with ether, and dried in the air to constant 
weight. Final yield about 60 gm. 

3, Total Phosphorus, — ^The colorimetric method of Fiske and SubbaRow (15) as 
modified by King (16) has been used. 

4, Protein Nitrogen, — ^The ribonudease protein was precipitated in 10 per cent trichlor- 
acetic acid. The amount of protein nitrogen was determined either by the turbidity 
method (17) or by the Kjddahl nitrogen method (18). 

The writer was assisted by Margaret R. McDonald and Viviaij Kaufman. 



32 


CRYSTAIXINB SIBOmTCLBASE 


8U10CA&Y 

1. A aystalline en^me capable of digesting yeast nudeic add has been 
isolated from fresh beef pancreas. 

2. The enzyme called “ribonudease” is a soluble protein of albumin t}'pe. 
Its molecular weight is about 15,000. Its isoelectric point is in the region 
of pH 8.0. 

3. Ribonudease splits yeast nudeic add into fragments small enough to 
diffuse readily through collodion or cellophane membranes. 

4. The split products of digestion, unlike the undigested yeast nuddc 
add, are not predpitable with gladal acetic acid or dilute hydrochloric add. 

5. The digestion of yeast nuddc add is accompanied by a gradual forma- 
tion of free add groups without any significant liberation of free phosphoric 
add. 

6. Ribonudease is stable over a wide range of pH even when heated for a 
short time at 100°C. Its maximum stability is in the range of pH 2.0 to 4.5. 

7. Denaturation of the protein of ribonudease by heat or alkali, or diges- 
tion of the protein by pepsin, causes a corresponding percentage loss in the 
enzymatic activity of the material. 
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THE EFFECT OF OXIDANTS AND REDUCTANTS UPON THE 
BIOELECTRIC POTENTIAL OF NITELLA* 

By L. R. BUNKS amd M. J. PICKETT 
(From the School of Bieiogkal Sciences, Stanford University) 

(Recdved for publication, May 20, 1940) 

The surface of the living cell has so many unes^lored properties, and is 
capable of responding electrically to so many changes in the environment 
(both ionic and otherwise), that it seemed de^able to test its response to 
oxidizing and reducing agents. This is especially significant, since it has 
been shown by many workers‘~* that bioelectric potentials are influenced 
by oxygen tension (as well as by metabolic agents of other sorts) ; as a result, 
some theories^' * have emphasized the relationship, or even the identity, 
of oxidation-reduction potentials with bioelectric potentials. 

Oxidants and reductants have therefore been applied directly to several 
algal cells well adapted to bioelectric measurement. The results with 
NikUa are presented here. 

Material and Method 

The Californian NiteUa davata has been employed. Nitdla has certain advantages 
for these studies; it can be exposed to low salt concentrations, (even to distilled water), 
as compared to marine plants such as Valonia and Halicystis, so that the full effect of 
oxidants or reductants can be observed, without possible interference by high salt 

* Aided by a grant from The Rockefeller Foundation, and by time assignments from 
the National Youth Administration. It is a pleasure to acknowledge the aid and ad- 
vice of Mr. R. K. Skow in connection with these measurements. 
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concentratioii (masking by strictly ionic effects, salting out of dyes, etc.)* Buffering, 
which will be seen below as important, is also a simpler problem than in sea water, 
where calcium and magnesium tend to precipitate out in some buffers. The state of 
the cell can at all times be tested without changing solutions, by applying a sufficient 
voltage to initiate an action current. And the cells have been found remarkably unin- 
fluenced by low oxygen tensions (in contrast to Halicystis,^ and even to Valonia), so 

that hif^y reducing conditions can be main- 
tained widiout complications due to the lack 
of oxygen itself. 

On the other hand, with the external con- 
tacts employed, there is perhaps a little less 
certainty that the end of the c^ immersed in 
the given oxidizing or reducing solution attains 
quite the conditions desired, since diffusion, 
and active protoplasmic streaming, may tend 
partly to equalize conditions at the two ends. 
An impalement technique, with the entire cell 
immersed in the given solution, is of some ad- 
vantage here, and has been employed in the 
case of the other plants. In view, however, 
of the considerable length of cell immersed in 
the given solution, and the lack of any visible 
coloring along the cell when reduced dyes are 
applied to it, it is believed that this is not a 
serious difficulty. 

The actual arrangement employed is shown 
in Fig. 1. An intemodal cell of 5 cm. or more 
in length by 1 mm. diameter, was separated 
from adjacent cells some days before, and kept 
in pond water until used. One end was then 
mounted in a cleft of a soft agar block well 
soaked in pond water, and the lower end im- 
mersed for about 2 cm. in a vial of the de- 
sired solution. KCl-agar bridges made contact 
with distant calomel electrodes. Not shown in 
Fig. 1 are a fine tube for bubbling air or hy- 
drogen, immersed in the vial, and in some cases 
a gold electrode for determining the oxidation-reduction potential of the solution. 
Usually the latter was determined immediately before or after application to the cell. 
The entire apparatus as shown, as well as the calomel electrodes, was covered between 
manipulations with a glass bell jar, within which a nearly saturated atmosphere was 
maintained to prevent drying of the cell. 

Electrical measurement was by compensation with a potentiometer, using as null 
instrument a vacuum tube electrometer to draw no appreciable current. A stimulat- 
ing potential (100 to 500 mv.) could be applied from the potentiometer by momentarily 
shimting the electrometer, and then opening it immediately to follow the course of the 
action potential and its transmission down the cell. Only cdls which, gave a charac- 


Nitella cell 


tap-water 

agar 



Fig. 1. Arrangement for holding 
NUdla cell, in cleft of agar block, the 
lower end dipping into the experimen- 
tal solutions, which are changed by 
lowering and replacing the vial. KCl- 
agar bridges (the upper not shown) 
lead to calomel electrodes. A gold 
electrode was also sometimes inserted 
in the vial to measure the oxidation- 
reduction potential of the solution; 
and a fine tube led in hydrogen to re- 
duce dye solutions (with platinized 
asbestos as catalyst), or air to re-oxi- 
dize them. The entire apparatus was 
covered with a bell jar, and a nearly 
saturated atmosphere maintained to 
prevent drying of cell. 
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teiistic stimulation response were considered as normal. This usually persisted under 
all the treatments here reported, disappearing only after long exposures to the more 
toxic solutions (e.g., safranin). Another test usually made after applying oxidants and 
reductants was exposure to NaCl or KCl of two concentrations, to see if the normal 
response to these still occurred. As shown in several of the figures, it was always ob- 
tained, even when, as usual, little or no response had been given to oxidants or 
reductants. 

In addition, visual tests of condition such as appearance of plastids, protoplasmic 
streaming, and turgidity of the cell were made to assure healthy cells throughout. In 
general, the treatments, except with hydrosulfite as a reducing agent, were not injurious 
over the periods of exposure. 

Usually the observed p.d. was close to zero, because with both ends of the cell intact, 
the equal and opposite potentials at each end cancelled each other. When there is a 
F.D., the sign is that of the solution at the end under treatment (lower end of cell, in vial), 
as measured in the electrometer circuit. That is, when the lower solution is positive, 
a positive current tends to flow outward across the protoplasm at that end, toward 
the measuring mstrumeut. This is the usual convention in bioelectric measurements, 
but it should be noted that it is the opposite to that used in oxidation-reduction mea- 
surements, where the sign is that of the measuring electrodcy not that of the solution in 
contact with it. Thus if the NUeUa cell acted like a gold electrode, (which it does not 
in these experiments), it would tend to become positive in oxidizing solutions, making 
the outer solution, and hence the bioelectric potential, more negative; and vice versa 
with reducing solutions. 

Room temperatures from 20 to 25^ usually prevailed. Values in light and dark were 
not appreciably different, either with the cells or with electrodes, but bright light was 
avoided. 

The Eh values given for the several solutions were observed at a gold, as well as at a 
platinum electrode, (against a saturated calomel electrode, but corrected to the normal 
hydrogen electrode by the customary factor, +0.245 v.). They are in fair agreement 
with the published Eo values^®* for the substances concerned, but any deviations are 
of no significance for the purpose in hand, as they are probably due to impurities which 
affect the fully oxidized or reduced substances as here used, much more than a 50 per 
cent mixture of oxidant and reductant. 

Several different oxidation-reduction systems were employed, of which those reported 
here ranged from ferricyanide, with E* — +0.454 v. to reduced safranin, with Eh — 
— 0.288v., — a range of 0.740v. Intermediate between these were: ascorbic and dehydro- 
ascorbic acid; ortho-chlorophenol-indophenol (oxidized and reduced); and indigo-di- 
sulfonate (oxidized and reduced). Most of these were employed around 0.001 m, 
although a few were more concentrated, as indicated in the figures. The exact molarity 
is questionable in the case of the dyes, because of unknown impurities (neutral salts, 
insoluble fractions, etc.), but is not important because the identical solution was always 
employed in both its oxidized and reduced state, being reduced by hydrogen plus pow- 

^^Michaelis, L:, Oxidations-Reduktions-Potentiale, Julius Springer, Berlin, 1929. 

Hewitt, L. F., Oxidation-reduction potentials in bacteriology and biochemistry, 
London County Council, London, 4th edition, 1937. 
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dered platinised asbestos as catalyst, and reojddiaed by air, often without removing the 
solution from contact with the cdlL 

A trace of the customary dye, 2HS dichlorophenbl-indophenbi, was always added 
to the solutions of ascorbic add or ascorbate, to indicate its state of reduction, and 
to serve as mediator at the electrode (possibly also at the cell surface) to aid elec- 
trometric measurement with this riuggish system. 

All these solutions established definite and steady potentials at the gold electrode, 
returning to it after polarization, indicating adequate poising for the electrode, and 
presumably for the cell, although it is admitted that oxidation or reduction at the cell 
surface might occur, throwing off the value somewhat. However, the p.d. values with 
the cell were not appreciably different when the solutions were stirred (by bubbling with 
air or hydrogen) or remained quiet, indicating no great reaction at the surface. 

One important precaution which had to be observed was adequate buffering of the 
solutions. It was found that without this buffering, rather prominent, but transient, 
changes of p.d. occurred on going from an oxidant to a reductant, and especially on 
aerating a reduced solution, although the p.d. later returned to its original level. (See 
Fig. 7.) These cusps disappeared, however, when the solutions were made up in dilute 
phosphate buffer, (usually 0.01 m), at pH 7.0. Evidently the changes of acidity accom- 
panying oxidation or reduction of a dye, etc., were affecting the cell, rather than the 
change of Ek as such, which, of course, still changes on oxidation or reduction in the 
presence of buffers — ^indeed the more reproducibly and stably. Since buffering is a 
standard practice in measurements with electrodes, this but further emphasizes the 
difference between the latter and the cell surface. 

A related precaution, and one which is also largely obviated by using buffers, 
concerns the number of corresponding K or Na ions, etc., associated with an oxidized 
or reduced anion. An example is shown below in the case of ferri- and ferrocyanides, 
where three and four K ions are respectively involved in a given molarity. These in 
themselves cause a change of p.d. in NiUUa (though not at an electrode), which has to 
be corrected by using a 4 to 3 ratio of molarity in the two cases. The effect can also 
be corrected by adding 1/3 the concentration of KCl to the ferricyanide solution. 
Where dyes were employed, the buffers were sufficiently more concentrated so that this 
valence effect was less significant. 

EXPERIMENTAL RESULTS 

The effects produced by potassium ferro- and ferricyanide are shown in 
Fig. 2 . It might be thought that these salts would be toxic, but the cyanide 
is already in an iron complex, and no injurious effect seems to occur. (Nor 
is any trace of the salt detected in the vacuole after several hours exposure, 
using the very delicate ferri- and ferro-ion color tests. This agrees with 
the apparently low ionic mobility of the ferro- and ferricyanides, as noted 
below.) 

A prompt shift of some 80 mv. is first seen on changing from pond water 
to O.OOS M K 4 ferrocyanide, but this may be attributed to the increase of 
K ion concentration, since KCl of the equivalent K concentration (0.02 m), 
m ai ntain s the same p.d. when substituted later. A simila r explanation 
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accounts for the change of p.d. when 0.005 ic K« fenicyanide is substituted 
for the 0.005 M ferrocyanide; the p.d. becomes less negative, but is re- 
stored to essentially the same value when the concentration is increased to 



Time-mlmites 


Fig. 2. Effect on p.d. of applying potassium ferro- and ferricyanide to NikiUa cell 
as compared with KCl of equivalent K concentration. There is an initial positive p.d. 
of some 40 mv. between the two ends of the cell, when both are in pond water. On 
application of 0.005 m K 4 ferrocyanide to the lower end, the pjd. shifts by 80 mv., to 
40 mv. negative. Changing to 0.005 m K 3 ferricyanide drives the p.d. less negative by 
some 15 mv., but this is due to the decreased K concentration; when the latter is cor- 
rected by using 0.0066 m Kg ferricyanide, the p.d. is essentially the same as in ferrocy- 
anide, although the Eh values of the two are 150 mv. apart. Substitution of 0.02 ic 
RCl also maintains the same p.d. Restoration of pond water (P.W.) restores the p.d. 
toward its original value (not always immediately reached after K exposures). 

The sign of the p.d. is that of the lower, experimentally changed solution; a positive 
P.D. tends to produce positive current outward across the protoplasm toward this 
solution, and thence toward the electrometer. Figures in parentheses (& values in 
volts) represent the oxidation-reduction potential of the solutions, as measured at a 
gold electrode in contact with them. Arrows show time of changing solutions. 

All solutions (except the pond water) were made up in 0.01 m Na phosphate buffer, 
at pH 7.0. 

0.(X)66 M, bringing the K ion concentration to 0.02 N. (The higher activity 
coefficient of ferricyanide^ may also influence the effect.) 

It should be pointed out that this small correction for the K ion concen- 
tration produces no significant shift in the Eh values of either ferro- or 
ferricyanide. Furthermore, the bioelectric difference between equal mo- 
larities of the two salts is in the opposite direction to their effec£ upon an 
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electrode; ferncyanide makes the dectrode more positive, while it makes 
the cell more negative (or the outer solution more positive, in the bioelectric 
convention). 

In general, when the K concentration is kept constant by making 



Tiicie:tninutes 

Fig. 3. Similar effects of K feno- and 


sunilar adjustments of the total 
concentrations of salts, then all K 
salts give much the same pj). 
(Fig. 3), whether they are ferri- or 
ferrocyanide, chloride, sulfate, etc. 
Evidently the anion is a matter of 
little importance, being so slightly 
mobile in all cases that the cation 
determines the p.d. In line with 
this, Na ferri- and ferrocyanides 
give less p.d. diange than the K 
salts for a given concentration, 
whidi agrees with the lower mo- 
bility of the Na ion, while the 
oxidation-reduction potential of 
Na salts is of course essentially 
the same as that of K salts. 

A dmilar indifference to the state 


ferricyanides,and of KCl, when the K ion 
concentration is adjusted to be the same in 
each case (here K » 0.015 u). The large 
change of pjd. on replacing pond water with 
0.005 H Ks ferncyanide, is scarcely altered 
on changing to 0.00375 u K 4 ferrocyanide, 
nor from that to 0.015 h KQ. (All these 


of oxidation, here of a natural 
plant product, ascorbic acid (vita- 
min C, cevitamic acid Merck) is 
seen in Fig. 4. Here 0.005 m ascor- 
bic add, neutralized just before 
with NaOH, and buffered with 


solutions made up in 0.01 u Na phosphate 
buffer at pH 7.0.) The original value is 
nearly regamed on restoration of pond 
water (twice renewed to wash away traces 
of KCl). 

Designations as in Fig. 2 . 


phosphate buffer at pH 7, estab- 
lishes essentially the same p.d. on 
the cdl as the buffer itself, or the 
ascorbate well oxidized by long tur 
bubbling or exposure to HiOs. As 


is well known, only the ascorbic 
acid establishes a stable potential at the gold electrode, the more oxi- 
di^ forms, e.g., dehydroascorbic add being poorly reversible.** The latter 


must therefore be regarded as furnishing indifferent ions, comparable to 


** Borsook, H., Davenport, H. W., Jeffreys, C. E. P., and Warner, R. C., J. Biol. 
Chem., 1937, 117, 237. King, C. G., in Cold Spring Harbor ssm^wsia on quantitative 
biology, Cold Spring Harbor, Long Island Biological Association, 1939, 7, 137. 




L. R. BUNKS AND M. J. PICKETT 


39 


chloride or sulfate, etc., valuable here chiefly to maintain an equivalent 
ion concentration, their more positive potential being due to impurities 
(iron, etc.). But the well poised, reducing ascorbate ion evidently has 



Time: minutes 


Fig. 4. Effect of normal (reduced) and oxidized Na-ascorbate of the same concen- 
tration (0.005 m), made up in 0.01 m Na phosphate buffer at pH 7. The p.d. is first 
shown with the lower end of the cell in contact with the buffer alone; then the reduced 
ascorbate is added, with a small shift of p.d. This is scarcely altered when the oxi- 
dized form is substituted, nor on repetition of these two exposures. On the contrary, 
when the buffer is replaced by 0.01 M NaCl, and this in turn by 0.001 m NaCl, large 
changes of p.d. are produced. 

The reduced ascorbate was made by neutralizing ascorbic acid (vitamin C, cevitamic 
acid, Merck) with NaOH. Half the sample was then oxidized with HjOa, the latter 
boiled off, and reneutralized with NaOH. The oxidized sample probably was a mixture 
of the several oxidation products of ascorbic acid, but did not reduce 2-6 dichlor-phenol- 
indophenol, a trace of which was present to indicate the state of reduction. The E\ 
values given were observed at a gold electrode, the poising of the oxidized form probably 
being due to impurities and the dye. 

no more electrical effect upon the cell than have these indifferent, unpoised 
oxidized products, although their apparent, or effective Eh lies over 200 
mv. apart. 

Turning now to dyes for more reducing systems, Nitella displays the 
same indifference to oxidused and reduced ortho-chloro-phenol-indophenol, 
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Titne: minutes 

Fio. 5. Effect of ortho-chloro-phenol-indophenol, oxidized and reduced forms, 
used saturated (approximately 0.001 h) in 0.005 m Na phosphate buffer at pH 7.0. 
There is no very significant difference when either of these forms is applied, compared 
to the buffer alone, in which the p.d. is also somewhat unstable. This is despite the dif- 
ference of 615 mv. in the Eh of the oxidized and reduced forms (the latter reduced by 
bubbling hydrogen, with powdered, platinized asbestos as the catalyst, suspended in 
solution). On the other hand there is a good response to substitution of 0.001 m NaCl 
for the buffer. 



Time : minutes 


Fig. 6. Effects of 0.001 m indigo-disulfonate, in oxidized and reduced form, on the 
pj>. of NiteUa. The dye, dissolved in 0.01 m Na phosphate buffer at pH 7.0, was ap- 
plied at the first arrow, making the p.d. about 30 mv. more negative than in pond water, 
because of the more concentrated salts present. The leuco-form (reduced by hydrogen 
plus platinized asbestos) was then applied, with no significant change, despite the 475 
mv. shift in oxidation-reduction potential. Nor was there a change on re-oxidation (by 
aeration). Two test stimulations, (marked S) gave good responses (not shown) and 
slightly decreased the p.d. 

In contrast, large changes of p.d. occurred on restoring pond water (P.W.), and on 
changing from 0.01 u NaCl (about equivalent to pond water here) to 0.001 m NaCl. 
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dissolved in phosphate buffer, and used in the oxidised, colored form, as 
well as the reduced, leuco-form. Aside from initial cusps (which frequently 
occur with NiteUa on any change of solution, probably due to varying length 
of the cell exposed to solution, etc.) the p.d. is within a few millivolts with 
each form, although the as measured on the gold electrode was +0.345 v. 
for the oxidized, and — 0.270 v. for the reduced form. (Traces of impurities 
may have poised this reduced dye at the low value found, the £o being 
accepted as +0.233 v. at pH 7.) Neither is it essentially different with 
the plain buffer, although a certain amount of drifting is evident in all 
these solutions in Fig. 5. Compare, however, the much larger f.d. change 
produced on going from 0.005 m phosphate buffer, to 0.001 K NaCl, at the 
end of Fig. 5, riiowing the usual large ionic concentration effect. 

Similar indifference to an oxidized and reduced dye is shown in Fig. 6 
for indigo^sulfonate (in phosphate buffer). Here the p.d. is almost 
identical when the Eh is changed from +0.335 v. to —0.140 v. by reducing 
the dye with hydrogen plus platinized asbestos, or on re-oxidizing it with 
air. On the other hand a good ionic concentration effect is again obtained 
on tenfold dilution of NaCl, and the cell stimulates normally at the 2 
points marked S. 

The most negative dye employed, safranin-0, is also the most toxic 
for NiteUa cells, staining their walls heavily, and eventually rendering them 
soft and impossible to stimulate. However, over short periods, and even 
up to an hour or more, it produces little effect upon the bioelectric potential, 
whether in the oxidized or the leuco-form. Fig. 7 shows an example, not 
with the usual buffer, but in pond water and distilled water, showing es- 
pecially with the latter the cusp that is frequently found on aerating an 
unbuffered leuco-dye. However, the earlier oxidations and reductions, 
whether of 0.0001 or 0.001 m safranin, produce very small effects compared 
to the ionic concentration effect on tenfold dilution of NaCl. 

Finally, a mixture of two dyes was employed, one rather negative, one 
positive in £o to obtain somewhat better poising at extreme oxidation and 
reduction. This conristed of equal concentrations of safranin and o-chloro- 
phenol-indophenol in phosphate buffer. The bioelectric potential changed 
by less than 5 mv. when this mixture was reduced, and the direction of the 
change was in the opposite direction to that expected at a gold electrode, 
the solution becoming more negative instead of more positive with respect 
to the cell (Fig. 8). The entire change may have been fortuitous, a small 
amount of drifting p.d. often being found with NiteUa. On re-oxidation 
of the same solution (by aeration) there was essentially no chapge of p.d. 
deq>ite a total Eh change of 643 mv. On the other hand substitution of 
three different concentrations of NaCl gave good concentration potential 
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Fig. 7. Effects of safranin-O, reduced and oxidized, on p.d. of NUella, In this case 
the dye was dissolved, not in the customary phosphate buffer, but in either pond water 
or distilled HaO. On changing from pond water (P.W.) at the start, to reduced safranin 
(0.0001 m) in pond water there is a slight cusp but no further change, nor is there on 
oxidation by air. The concentration is then increased to 0.001 M, and except for irregu- 
larities, much the same p.d. is maintained, as it also is on aeration. On the contrary 
there is a much greater change on substitution of 0.01 m and 0.001 m NaCl. 

0.001 M safranin, dissolved in distilled water is then applied, first reduced, then oxi- 
dized (by air). The large cusp occurring at the latter change is characteristic in dis- 
tilled water, but is usually missing in buffered solutions. It is probably due to acidity 
changes; see text. Several stimulations were given at points marked 5, with mono- 
phasic or diphasic action currents resulting (not shown) and indicating a normal condi. 
tion of the cell. 


.40 

*^20 

Jo 

I 40 

sz 

pi 

ox 

frapm 

tenol-in 

red 

+o-chl 

ao|>hen 

OX. 

TTO' 

/ 

J 

1 

1 

r) 

loM 



L 

r 







QO 

M 






n:' 


r 

3 ^ 

0 GC 

miner 

1 

bes 

80 


Fig. 8. Effect of mixture of safranin and (?'Chloro-phenol-indophenol on p.d. of NUella, 
The dyes, each about 0.0005 m, were dissolved in 0.01 m Na phosphate buffer at pH 7, 
and were employed to give better poising at both oxidized and reduced ranges than the 
single dyes. There is almost a complete independence of the p.d. on the degree of 
oxidation or reduction, despite a 663 mv. difference of Ek. On the contrary, good PJ). 
changes ajccompiuiy the dilution of NaQ, at the end of the record. 
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changes. Indeed, here, as throughout the experiments, NUetta proves 
itself a much better K or Na “electrode” than it does a gold or platinum one. 

DISCUSSION 

It is to be concluded that the outer surface of NiteUa does not act like 
an indifferent electrode, of platinum or of gold, etc., to give manifest po- 
tentials by reversible electron donation or acceptance with the several 
oxidation-reduction s3rstems here employed.** Whether other substances, 
more “natural” or biological in character might be more effective, due to some 
specificity of enzymes or mediators in the cell surface, is not yet evident. 
But the question could be answered by this type of direct experiment 
and will be attempted with other substances, as available. Some of these, 
such as cytochrome, the yellow enzyme, etc., could probably not reach the 
outer surface of a plant cell because the cellidose wall would hold back the 
protein “bearer.” But they can be perfused in the vacuole, and such 
experiments will be reported on Halicystis, where in general much the 
same indifference has been found to the substances here used. Complica- 
tions occur in both Halicystis and Valonia caused by changes due to low 
oxygen tension as such,*- ** quite independently of a low oxidation-reduction 
potential in the medium, but technically impossible to prevent with the 
more reducing substances. This makes the answer more restricted; but 
it may be said that, under the conditions set by this characteristic, namely 
a cell surface definitely altered to strictly ionic effects, there is again an 
indifference to the degree of oxidation or reduction of a given substance, 
within a fairly wide £» range. 

There are, however, certain changes in these other cells produced by the 
more oxidizing agents, which might on first glance be taken for an electrode- 
like response, but which seem referable to an indirect effect of the oxidant, 
possibly via an increased acidity. This will be reported elsewhere. It 
would indeed be surpridng if the cell surface, often assumed to be lipoid, 
and possibly unsaturated was not altered by strongly oxidizing or reducing 
substances. But most of these lie outade the range here reported, and 
that generally prevailing in cell media or interiors. 

Unanswered by these experiments, and possibly unanswerable save by 

** For a recent consideration of the conditions which might make oxidation-reduc- 
tion potentials electrically manifest, either in artificial or biological membranes, see 
Korr, I., in Cold Spring Harbor symposia on quantitative biology. Cold Spring Har- 
bor, Long Island Biological Association, 1939, 7, 74 (induding Discussion, p. 91). 
The important biological question is not the theoretical possibility of such membranes, 
or their artificial prqiaration, but their actual demonstration in living cells, by direct 
methods such as those attempted in the present paper. 

M Blinks, L. R., J. Gen. PkysM., 1939-40, 28, 495. 
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greatly refined micruigical technique," is the question whether other mem- 
branes or phase boundaries wUkm Ae cell can respond with a manifest poten- 
tial to oxidants or reductants in contact with them. However, such surfaces 
would have to be practically continuous, and electrically unshunted (or 
riightly shunted) to give appreciable potentials. The diief membranes 
of this sort known in cells are the outer, and in plants the vacuolar, sur- 
faces. Since the outer surface responds well to many ionic changes, and 
can be metabolically altered in its response to these, an adequate e:q>lana- 
tion for most bioelectric phenomena seems to be at hand in its known 
properties without postulating other membranes of unknown location. 

SUMMAKV 

NiUUa cells were exposed to various oxidants and reductants, to deter- 
mine their effect upon the bioelectric potential. These included five sys- 
tems, with an Ek range from -f 0.454 v. to —0.288 v., a total range of 
0.742 V. 

When proper regard was given to buffering against acidity changes, and 
concentration changes of Na or K ions in the oxidized and reduced forms, 
no rignificant effect upon the bioelectric potential was found: 

1. When an oxidant or reductant (K ferri- or ferrocyanide) was applied 
instead of an equivalent normality of an “indifferent” salt (KCl). 

2. In changing from a given oxidant to its corresponding reductant (ferri- 
to ferrocyanide; oxidized to leuco-dye, etc.). 

3. When a mixture of 2 dyes, (indophenol with positive K, and safranin 
with negative was oxidized and reduced, to give better poising at the 
extremes. 

It is concluded that the outer surface of this cell is not influenced by the 
state of oxidation or reduction of the systems employed; at least it does not 
re^nd with a manifest change of bioelectric potential to changes in oxida- 
tion-reduction intensity of the medium. 

The cells continued to show, however, at all times their usual response to 
concentration changes of KCl, NaCl, etc., and to electrical stimulation. 

An experiment of Umrath (Umrath, K., Protoplasma, 1933, 17, 258) was directed 
toward the opposite question, namely, whether there was a change of oxidation-reduction 
potential within the protoplasm when the bioelectric potential underwent a change. 
He employed two contacts within the protoplasm of NUeUa, one a platinum electrode, 
the other a micro-salt-bridge leading to a distant reversible electrode. On stimulating 
the cell, little or no change of potential occurred between these two contacts, indicating 
no change of internal oxidation-reduction potential, although the usual large action 
potential was picked up by an external electrode. This is die complement of the ex- 
periments here reported: a large bioelectric change, accompanied by no change of Eh 
within the protoplasm. 
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INTRODirCTION 

It is the purpose of this report to present quantitative data on some 
effects of high light intensities on ChhreUa. No comparable data have 
as yet been published, although a number of workers, u^g various tech- 
niques, have studied the effects of intense light on the green plant. It 
has been generally demonstrated that after long exposure of a plant to 
strong light there may be a disappearance of the products of photosynthesis 
(solarization), a decrease in the apparent rate of photosynthesis, or micro- 
scopically observable injury to the tissue. In this paper the term solariza- 
tion will be used to indicate a reduction in photosynthetic rate due to 
prolonged exposure to light. 

The literature has been reviewed in the more recent work of Emerson 
(1935), Fodder (1938), Holman (1930), and St&lfelt (1939) and need not 
be conddered in detail here. Most of the work has dealt qualitatively 
either with the ecological aspects of the problem or with the mechanism by 
which the observed effects might be brought about. The data to be pre- 
sented in this paper describe the solarization effect as a function of light 
intensity and time. 


EXPERIMENTAL 

As experimental material there were used cultures of Chloreila vulgaris,^ of Protococeus 
sp.^’ * and of CMoreUa pyrenoidosa? These have been grown in a H Detmer solution 

* Assistance in the preparation of this manuscript was furnished by the personnel of 
Work Projects Administration, Official Project No. 65-1-71-140, Sub-project No. 325. 

^Identified by Professor Fdix Mainx of the German University at Prague. Ob- 
tained through the courtesy of Dr. C. E. Skinner by whom they had been isolated from 
soiL 

* Protococcus was used only to support data obtained with Cklordla. A comparativdy 
low rate of photosyntheris makes this organism more difficult to woric with. 

* Obtdned througji the courtesy of Dr. Robert Emerson. 
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as recommended by Miss Meier (1934), with and without the addition of glucose. Cul- 
tures were grown in 500 cc. Erlenmeyer flasks ijti darkness and in light with either air 
or 5 per cent COi in air bubbled through. To obtain darkness flasks were wrapped in 
photographic light-proof paper and kept in covered iron pails. Cultures grown m light 
were placed uniformly around the 5.5 cm. water jacket surrounding a 300 watt bulb. 
The intensity at the illuminated side of the flasks was approximately 450 foot-candles. 

Sterile precautions were observed only when glucose was added to the nutrient solu- 
tion, although microscopic tests for contamination were made in all cases. 

Measurements were made by the familiar Warburg technique, using one illuminated 
experimental vessel with flat bottom and a non-illuminated thermobarometric control. 
The volume of the experimental flask was 14.22 cc. to the level of Brodie fluid as cali- 
brated with mercury. When used as described below 1 mm. increase in pressure corre- 
sponds to an oxygen evolution of 0.56 c.mm. 

The constant temperature bath was held at 26^C. lirO.Ol^ as checked by a Beckmann 
thermometer. High light intensities were obtamed by an optical system mounted 
horizontally beneath the bath.^ The light of a projection bulb was condensed by two 
planoconvex lenses each of 6 inches diameter and 7 inches focal length. The horizontal 
beam was then reflected vertically upward through the glass bottom of the bath by a 
concave mirror. The area of the light beam in cross-section at the level of the experi- 
mental flask was large enough so that the flask was always illuminated during the 3 cm. 
amplitude of its shaking cycle. The light thus passed through 8 inches of water before 
reaching the flask and most of the infrared was removed. Various intensities were 
obtained by the use of three different projection bulbs and a series of screens. For 
higher intensities, a Westinghouse or General Electric 1000 watt projection bulb with 
a C13D filament was used. For lower intensities, projection bulbs of 250 or 500 watts 
were sufl&dent. Light intensities of over 30,000 foot-candles could be obtained with 
new 1000 watt projection bulbs. Unfortunately these bulbs have a rather rapid decay 
and a short average life. 

Light intensities were measured by a Weston photronic cell, rigidly mounted im- 
mediately over the bath and in the light beam above the experimental flask. This was 
wired to a calibrated micro-ammeter. The light intensity falling on the bottom of the 
experimental flask was found to be 1.7 times as great as the intensity of the photronic 
cell in its fixed position at which all readings were taken. This factor was therefore used 
as a constant correction. Readings were taken at the beginning and end of each run, 
when the experimental flask was not in the light beam, and the average value considered 
representative. Changes in Ime voltage never caused more than 5 per cent variation 
in the two readings. 

Most of the experiments to be considered were carried out in a potassium carbonate- 
bicarbonate buffer corresponding to the sodium carbonate-bicarbonate buffer No. 9 
of Warburg (1919) (0.015 ic KsCOs, 0.085 m KHCO3). According to the calculations 
of Smith (1937) from the data of Macinnes and Belcher (1933) this gives a COs con- 
centration of 78.7 X 10*^ M. In one experiment buffer No. 11 was used (0.005 m KiCOs, 
0.095 H KHCOt ^ 290 X lO"^ ic COs). The buffer method was used because of its 
simplicity and higher degree of accuracy. Pressure changes are due entirely to oxygen 


* Essentially similar to that described by Smith (1937). 
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uptake or evolution. No harmful effects of the buffer have ever been observed, even 
though suspensions have been kept in it in the icebox for as long as 24 hours. 

In several check experiments the cells were suspended in H Detmer solution saturated 
with 5 per cent CO* and the gas space swept out with 5 per cent CO*. The use of nu- 
trient solution depends on the differences in solubilities of carbon dioxide and oxygen. 
Interpretation of such results requires a knowledge of the photosyntheti 9 quotient, 
which would be difficult to obtain with the limited cell volumes used. Hence only a 
small number of these runs were made. 

Immediately before an experiment the cells were centrifuged out of the nutrient 
solution, taken up in the buffer, and centrifuged out again in a graduated tube. To the 
packed cells fresh buffer was added to give a suspension in which each 1 cc. contained 
0.01 cc. of cells. The suspension was then kept in the dark except when aliquot portions 
were withdrawn. When the cells were grown in darkness, all further operations except 
the reading of cell volume w<^re performed in the dark. Aliquot portions were then 
withdrawn in the dark by an automatic pipette. When nutrient solution was used in 
place of the buffer, the stock suspension was made up in H Detmer solution. 

1 cc. of the cell suspension (containing 0.01 of cells) was added to 7.2 cc. of buffer 
in the exp>erimental flask. The flask and manometer were placed in position without 
illumination and about 5 minutes allowed for adjustment to equilibrium. The “zero” 
reading was then taken in the dark. The light was immediately turned on and suc- 
ceeding readings taken every 5 minutes. A jump observed between the 0 and 5 minute 
readings (and in fact the pressure change accompanying any change in light intensity) 
is therefore largely an instrumental error due to readjustment of temperature equilibrium. 
The above procedure was adopted, in spite of the inherent error in the first two readings, 
because of its reproducibility. 

The temperature increase within the flask caused by light absorption as referred to 
above is negligible in its effect on the physiological processes involved. The tempera- 
ture increase produced by 28,000 f.-c. in a shaken flask containing eight times the usual 
number of algal cells was only about 0.4®C. as measured by a mercury thermometer. 
The Warburg instrument must always be considered as a very sensitive gas thermometer. 

The authors consider of utmost importance the fact that only very dilute cell suspen- 
sions were used. This reduces shading of cells to a minimum not obtainable with any 
other combination of materials and methods, with the possible exception of that of van 
den Honert (1930) and van der Paauw (1932) who used a single layer of Ho/tnidium cells. 
More dilute suspensions cannot be made without great reduction in the accuracy of 
measurements, which is already somewhat limited. On the other hand, tripling the 
thickness of the suspension reduces the solarization effect and prolongs the time of each 
observation. 

RESULTS 

The course of gas exchange in CMorella vulgaris under very high light 
intensities is described by Fig. 1. (Unless otherwise indicated, all data 
apply to measurements made on ChloreUa vulgaris in buffer No. 9.) Oxygen 
evolution or uptake, indicated as millimeters of pressure of manometric 
fluid, is plotted against time of illumination. The curves have been 
shifted vertically so that their 5 minute readings coincide. (The error 
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involved in the 5 minute, and at this very high intensity probably also 
in the 10 minute, readings has been already pointed out.) At these in- 
tenfflties the initial rate of oxygen evolution soon falls off. There follows 
an oxygen uptake which increases to, and for some time remains at, a 
fairly constant rate. A comparison shows that this constant rate of oxygen 
uptake is much greater than the rate of oxygen uptake indicated by the 
curve for dark respiration which has been included. 



Fig. 1. Course of gas exchange in CMordla vulgaris exposed to 13,300 f.-c. and 38,800 
f .-c. of light. Oxygen produced or consumed b expressed in millimeters of pressure on 
the manometer. The rate above each curve is millimeters per 10 minutes. 

• 

After the consumption of a certain volume of oxygen (which occurs 
earlier at higher intenmties) the slope (rate) begins to decrease. Runs 
carried out for even longer periods than those illustrated here have shown 
that the rate continues to decrease approaching zero. At about the time 
the die-away b^ins there is observable to the eye a distinct bleaching of 
the cells which continues until they are completely colorless, both micro- 
so^ically and macroscopically. 

It should be noted that the effects shown in Fig. 1 cannot be associated 
widi a change in the COi concentration of the buffer. A change of 100 mm. 
manometer pressure (56 c.mm. Oi) causes a change of only about 3.4 per 
cent in the CO» concentration provided by buffer No. 9. The highest rate 
ever noted in this buffer (35 mm./10 minutes. Fig. 10) was maintained for 
70 minutes witiiout any evidence of inhibition. 
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Fio. 2. Final steady rates of oxygen exchange depend on the incident light intensity. 
The rates are expressed as millimeters pressure change per 10 minutes and are shewn by 
the numbers just above each curve. 
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In Fig. 2 is a family of curves for different light intensities, each ob- 
tained on a separate aliquot portion of a single batch of cells. At lower 
light intensities the final rate remains positive showing only partial inhibi- 
tion of photosynthesis. When curves like those of Fig. 2 are run at still 
lower intensities a point is reached at which no decrease in rate can be 
observed. In fact at these lower intensities (in this case 1,000 f.-c. or less) 
there is often a slight increase in rate during a long run. It is of interest 
that the initial rates at 4,000 and 6,100 f.-c. are nearly identical and some- 



TIME OF ILLUMINATION 

Fig. 3. Progressive injury of ceOs by 28,000 f.-c. of light and recovery in darkness 
(D) and in 1,000 f.-c. (B and C). 

what higher than the rate at 1,000 f.-c. At some intensity between 1,000 
and 4,000 f.-c. light saturation is reached and injury becomes apparent 
only after a considerable period of illumination. 

Recovery experiments indicate that, at least at the higher intensities, 
there is an injury which becomes more severe with time. Several such 
e:q>eriments are illustrated in Fig. 3. Curve A shows photos3mthesis in 
1,000 f.-c., an intensity somewhat below the so called light saturation and 
at which no deprestion in rate has ever been observed for these cells. 
Ciuives B and C idiow the recovery of cells exposed to 28,000 f.-c. for 20 
and 50 minutes respectively, and then changed to 1,000 f.-c. intensity. 
Curve D shows the recovery of cells exposed for 20 minutes to 28,000 f.-c., 
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given a 175 minute rest in darkness, and then exposed to 1,000 f.-c. The 
numbers adjacent to the curves are rates of oxygen evolution, ejq>ressed 



Fig. 4. Recovery curves of Cklofdla in nutrient solution satursted with 5 per cent 
CO». 

as increase in millimeter pressure per 10 minutes, after the curve has become 
a straight line. 

It is apparent that on the constant downward slope of a curve such as 
either of those of Fig. 1 a progressive injury is taking place. As compared 
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to B (Fig. 3), recovery after the long e]q>osure of C is much slower and 
less complete (though a still longer recovery time might have resulted in a 
further increase in rate). Curve D, as compared with B, indicates that 
recovery takes place in darkness as well as in 1,000 f.-c. But if exposure 
to strong light is prolonged as in either of the curves of Fig. 1, no recovery 
can be demonstrated, even after 12 hours of darkness. 



Fro. 5. Recovery in darkness shows stimulated respiration after exposure to bright 
light (A, B, C). There is complete and rapid recovery under 1,000 f.-c. (D). 


The recovery e:q)eriments described above as performed in KjCOi- 
KHCOt buffer have been repeated usmg nutrient solution saturated with 
5 per cent COi. Several of the curves thus obtained are shown in Fig. 4. 
The results are essentially similar. 

It,* therefore, seems reasonable to suppose that along the constant down- 
ward slope of the curves such as those of Fig. 1, there occurs with time a 
progressive injury which becomes irreversible when the die-away is reached. 

Two other types of recovery experiments are illustrated in Fig. 5. Curves 
A, B, and C demonstrate the return to normal re^iration in the dark after 
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30, IS, and 5 minutes eaposure, respectively, to 27,000 f.-c. intensity. It 
is seen that there is a carry-over of the increased oxygen uptake after the 
light is turned off. And the return toward the normal rate of req>iration 
is slower after longer ensure to the intense light. 

Ciurve D of Fig. 5 shows recovery in 1000 f.-c. after exposure to 11,000 
f.-c. 10 minutes after the reduction in intensity the rate is identical with 
that obtained under 11,000 f.-c. Recovery then proceeds rapidly. 

In Fig. 6 there is presented evidence as to the time relations involved 
in the process producing injury under very high light intenaty. If instead 
of 1,000 or 1,600 f.-c. illumination during recovery, an intermediate in- 
tensity is used (in this case 7,500 f.-c.), there takes place a rather rapid 
readjustment to a new constant rate. And as seen in this family of curves, 
the final rate depends upon the time of previous exposure to 23,000 f.-c. 
The final rate is thus a measure of the combined effects of 7,500 f.-c. and 
the preliminary exposure to 23,000 f.-c. If there is made the simplifying 
assumption that after 35 minutes exposure to 23,000 f.-c. the cells exhibit 
no photosynthesis (rate of O* exchange = —6.0 under 7,500 f.-c.) and 
further that this level of oxygen uptake prevails for all other curves, then 
the addition of 6.0 to the final rate for each curve will give the “true rate of 
photosynthesis.” The rates of photos 3 mthesis so obtained are plotted 
in Fig. 7 against time of previous exposure to 23,000 f.-c. (figures in paren- 
theses at the end of each curve of Fig. 6). The shape of this curve is, of 
course, independent of our assumption that a zero photosynthesis is reached. 
A very similar curve obtains if the approximate initial rates under 7,500 
f.-c. are plotted instead of final rates. Obviously a very great reduction 
in photosynthesis takes place within the first few minutes exposure to 
23,000 f.-c. (in this case 50 per cent inhibition in 4 minutes). 

It has been found useful to examine the constant dopes (see Fig. 1) as 
a function of light intensity. Occasionally there occurs a slight break in 
the constant slope. (This takes place at the 50 minute point in the curve 
of Fig. 1 for 38,000 f.-c. which was especially selected as a demonstration.) 
Such a break has shown up but rarely, although most of the curves have 
been followed only for about 50-70 minutes. For consistency, then, in 
the following discussion reference will be made only to the first constant 
slope, which will be called the “final rate of oxygen evolution” or amply 
the “final rate.” 

A number of families of curves similar to that of Fig. 2 have been ob- 
tained for cells grown imder various conditions. Cells were grown in 
darkness and in light, in 1 per cent and 0 per cent glucose, with air and with 
5 per cent CObin air bubbled through. There are six different combinations 




Fio. 6. Readjustment under 7,500 f.-c. after exposures of 5 to 35 minutes to 23,000 
f.-c. The time of exposure to the intense light is given at the end of each curve (top 
curve no exposure, bottom curve 35 minutes before turning on 7,500 f.-c.)« 



LENGTH •f EXPOSURE U 23,000 ic. 

Fig. 7. Residual photosynthetic activity after varying exposures to 23,000 f.-c. A 
rate of 20 equals 100 per cent for this batch of cells under 7,5ob f.-c. 
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of these factors under which algae can be grown. In Figs. 8, 9, and 10 
the final rates obtained from each family of curves are presented as a func* 
tion of light intensity. Final rates at higher intensities were determined 
as indicated in Fig. 2. Points at lower intensities were determined by 
shorter runs. Rates at these lower mtensities are plotted in the insets 
with intensity on an expanded scale. 

Inspection of the six curves reveals four points of interest: 

1. Above a certain critical light intenrity, which depends upon the 
previous history of the cells, the rate of oxygen evolution falls off in a con- 
tinuous and predictable manner with increasing light intensity, finally 
becoming n^ative. 

2. Cells grown in darkness show a depression in rate of oxygen evolution 
at lower intensities than comparable cells grown in light; they are more 
sensitive to light. 

3. Cells grown in high CO* in light show a depression in rate of oxygen 
evolution only at much higher light intensities than comparable cells grown 
in low CO*; i.e., they are less sensitive to light. This is exhibited in the 
curves as a broad plateau at which oxygen evolution is independent of 
light intensity. 

4. Regardless of previous history all curves approach a maximum rate 
of oxygen uptake at high light intensities. This rate is about two to four 
times as great as the rate of oxygen uptake in dark respiration before ex- 
posure. 

The data of Fig. 11 (as well as other data not here illustrated) obtained 
with Protococcus demonstrate that the qualitative nature of the effect de- 
scribed for our strain of ChloreUa vulgaris is not a species peculiarity. Simi- 
lar data have also been obtained for ChloreUa pyrenoidosa. 

The plateau effect illustrated in Figs. 9 and 10 has been studied further 
in the experiment shown in Fig. 12. Cells grown in 5 per cent COi and 
light were studied at high intensities, using both buffer No. 9 and also 
buffer No. 11 which has over times the CO» concentration of No. 9. 
The dotted portions of the curves for the final rates are plotted with some 
uncertainty. Even so, the curves are of importance in two respects. It 
is demonstrated that the solarization effect cannot be due simply to inade- 
quate CO* provision. (This point is also borne out by the experiments 
of Fig. 4 where nutrient solution saturated with 5 per cent CO* was used.) 
At intensities greater than 12,000 f.-c., cells receiving 3i times the CO* 
concentration show very little increase in the final rate. On the other 
hand, there is a considerable increase in rate in the plateau region. 
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FIG. 8 



no. 9 

Figs. 8, 9, and 10. Showing the effect of conditions of culture on response to li|^t 
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It would be highly desirable to locate within the cell those mechanisms 
by which the above effects might be brought about. The use of HCN and 
of narcotics such as the urethanes might be expected to throw some light 
on this question. Data on the influence of narcotics have not as yet b^n 
obtained. A few experiments have been carried out on the influence of 
HCN. One of these is illustrated in Fig. 13. It was found by preliminary 



Fio. 10 

experiments that for cells grown in light with 5 per cent COt, a 0.01 M KCN 
solution in the buffer mixture would prevent any oxygen evolution above 
the compensation point in the intensity range of about 200 to 1,000 f.-c. 
This is a somewhat higher concentration than has commonly been used 
in the study of photosynthesis. Warburg's (1920) data in one of his ex- 
periments indicate that at about 1,800 f.-c. he was approaching a com- 
pensation point with 0.005 m KCN. A lower concentration such as 0.005 
M KCN still allows for our cells an appreciable oxygen evolution in this 
intensity range. Both of these concentrations stimulate the rate of dark 
respiration. 

Tn Fig. 13 the upper curve was interpolated from the five experimental 
points by analogy to the upper curve of Fig. 10 for cells grown under identi- 
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Fig. 11. Rate-intensity curve for Protococcus, illustrating qualitative similarity to 
CUoreOa. 



Fio. 12. Effect of CX>t tennon on the lij^t response. Hi^ COs (A) increases the 
iwaTimiiiw nite but does not prevent injury at high intensities. 
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cal conditions. The lower curve of Fig. 13 was obtained when 0.01 m KCN 
was added to the buffer mixture. Both curves seem to be approaching 
the same limiting value, though there are too few points to establish this 
with certainty. Evidently 
a cyanide cr ncentration § 

which will prevent any 3 24 

net photosynthesis as o 

measured by oxygen evo- 2l 

lution does not block the 2 

mechanism responsible for ^ 

the oxygen uptake at high ® *2 

intensities. o « 

Uj o 

DISCUSSION ^ A 

It is rather surprising ^ 0 

that the phenomena noted ^ 

here have not already ^ 

been adequately described. 8 

Probably no previous 
workers have used so great 
a range of light intensity. 

However, a number have Fig. 13. Effect of KCN on response to light 
used intensities ranging up 

to about 10,000 f.-c. And Smith (1937) has described certain of the 
kinetic properties of photosynthesis on the basis of observations made 
at intensities up to 282,000 lux using the water plant Cdbotnba. At the 
higher intensities he noted a “small decrease in rate to take place after 
three or four hours.” He obviated this by using a red filter which probably 
also cut the total intensity in half. 

Only two previous papers give results directly comparable with ours. 
Emerson (1935), using a similar technique, found an injurious effect of 
4 or 16 hours exposure to 4,500 f.-c. on ChloreUa, but only when the CO* 
supply was either inadequate or lacking. Injury was noted by a consider- 
able decrease in the photosynthetic rate after as compared to the rate 
before exposure. He did not conader the accompanying chlorophyll 
destruction great enough to account for the decline in photosynthesis. 
For instance, a 70 per cent decrease in rate was accompamed by only a 
20 per cent loss of ddorophyll. 

This effect found by Emerson is suggestive of, but not directly com- 



0 6 12 18 24 


XI0«0«C. 

LIGHT INTENSITY 




60 


PHOTOSYNTHESIS IN INTENSE LIGHT 


parable with, our e^^rience that cdls grown in low COi (0.03 per cent) 
are more susceptible to a depresdng effect of light on the rate of oxygen 
evolution. We are probably dealing in different ways with the same 
phenomenon. However, in the same paper* is the statement: “Never 
in the course of hundreds of experiments has the writer found a decline in 
rate attributable to high light intensities, though this effect has often been 
looked for, and light intenrities up to about 100,000 meter candles have 
been used.” If the algae were grown either in bubbling 5 per cent COi 
as in his earlier work (1929), or in the 6.7 per cent COt used in this experi- 
ment, then his cells were probably comparable to those described by the 
upper curve of Fig. 10; i.e., more resistant to light injury. 

A second paper offering direct comparison is that of Fockler (1938) 
in which he described the effect of high light intensity on the shade fern 
Trichomanes radicans. His light intensities (expressed by him only in 
relative units) probably were not as high as ours. But his use of a thin-leaf 
plant (fronds only about 1 cell thick) should have reduced shading of cells 
to a minimum. 

Fockler is not explicit about his e:q>etimental method. He apparently 
measured by the Winkler method the oxygen dissolved in the water cir- 
culated over the submerged frond. He does not refer to Emerson’s (1935) 
paper and may not have provided adequate COs. His rates were measured 
only at hourly intervals. However, after 1 hour’s e^qwsure to sunlight 
he got no apparent photosynthesis but an oxygen uptake which increased 
in rate imtil the 3rd hour. Fronds exposed for 1 or 2 hotirs diowed partial 
recovery of normal photosynthetic activity in 5 days, full recovery in 14 
days of moderate light. Fronds exposed for 4 hours had not yet fully re- 
covered in 14 days. A similar though less pronoimced effect was obtained 
with Laminaria digUata. Fockler was interested in the effect of light 
on respiration. Much of his data are on colorless plant tissue. On such 
material he noted at an hour’s exposure an increase in re^iration up to 
100 per cent. With longer illumination this gradually fell off, approaching 
its original value. Because of this he believes that his experiments with 
Trichomanes show the result of two processes: an increased req>iration 
and an inactivation of photosynthesis, both of which probably result from 
“eine StOrung im kolloidalen System des Protoplasmas.”* 

The recent work of St&lfdt (1939) (which has come to our attention 
since the experimental work was done) seems also to have some bearing 

’Emefsoo, R., Cdd Spring Harbor qanporis cm quantitative biology. Cold .S pring 
Harbor, Loag Isliuid Biological Association, 1935, S, 130. 

* Fockler, H., Jahrb. wissmsch, Bot., 1938, 87, 89. 
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on the problem. Of particular interest are his ei^riments on two q)edes 
of lichens. In one experiment over a period of 6 days (10 hours light of 
16,000 lux, 14 hours dark) there occurred daily a light-inhibition of photo- 
syntheas which amounted to about 26 per cent of the average rate. In 
each 14 hour period recovery was about 23 per cent complete. This re- 
versible light-inhibition was further shown to be proportional to light 
intensity from 4,000 to 48,000 lux and independent of temperature up to 
20®C., the optimum temperature for photosynthesis in these plants. Above 
20“ an additional temperature-inhibition took place which was not re- 
versible in darkness. In fact an inhibition of photosynthesis could be 
obtained by exposure to higher temperatures (20-28“) in the dark. 

Stilfelt’s work indicates that the light-inhibition occurring in lichens 
is probably closely related to the similar effects reported here for CUorella 
and suggests that the phenomena observed for ChloreUa may profitably 
be studied also as a fimction of temperature. But his observations are of 
no immediate aid in the interpretation of our data. 

The authors realize full well the difficulties involved in reaching a full 
explanation of the observed phenomena. The inadequacy of om: data 
is paralleled by the lack of complete or directly comparable data in the 
literature. The task of this discussion is, therefore, to arrive at some 
working hypothesis which will account for the data so far obtained. 

It should be emphasized that all the data apply merely to the uptake or 
evolution of oxygen by the algal cells. Nothing at all is known about the 
total COrOi exchange. 

The evidence from our data is of two kinds, that from the “time” curves 
(Figs. 1-7) and that from the “intensity” curves (Figs. 8-13). 

In very high light intensities the rate of oxygen uptake is much greater 
than the rate of dark respiration. For want of a better name, this excess 
oxygen uptake is called “photo-oxidation,” at the same time recogni^g 
that it may not be the simple photochemical reaction which the name 
implies. That photo-oxidations sensitized by chlorophyll can take place 
has been shown by the work of Gaffron (1933) and of Kautsky and Hormuth 
(1937). 

The problem, then, is to relate the three processes of respiration, photo- 
synthesis, and photo-oxidation in such a way as to account for the observed 
Ot exchange. In introducing the term photo-oxidation it is assumed ^t 
req)iration is constant and independent of light. The Oa exchange now 
depends on the balance between photosjmthesis and photo-oxidation. In 
r^ard to the photosynthe^ two alternate hypotheses are suggested: (1) it 
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LIGHT INTENSITY 

FIc. 14. Hypothetical intensity curve for photo-oxidation. Photosynthesu in- 
hibited. 



Flo. 15. Hypothetical intensity curve for photo-oxidation. Photosynthe^ 
at high intensities. 
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is ptogreasivdy inhibited by increasing lig^t intenmties; or (2) it oontinucs 
at a maximum value at all higher intensities. 

These two hypotheses are illustrated graphically in Figs. 14 and 15 based 
on the data obtained from the family of curves of Fig. 2 and curve B of 
Fig. 8. 

In Fig. 14 the assumption is followed that zero photosynthesis is readied 
within the range of intensities studied. The “photosynthesis” curve is 
drawn quite arbitrarily except that it fulfills this condition. The observed 
final rate of Orevolution must be the net effect of photosyntheds and photo- 
oxidation (plus respiration). The hypothetical photo-oxidation curve is 
thus obtained by poait-by-point subtraction of the “observed” from the 
photosynthesis curve. It, of course, represents a negative evolution of 
oxygen. Like the photos 3 nithesis curve it is plotted with its base line at 
the level of dark respiration. Thus, at the intensity at which the curves 
of photosynthesis and “photo-oxidation” cross, the net Oj-evolution is the 
—3.5 (mm./10 min.) of dark respiration. As here drawn the photo- 
oxidation approaches a maximum value, although this is not at all certain 
dnce the photosynthesis curve has been drawn with a good deal of 
imcertainty. 

Fig. 15 results from the second hypothesis that photos 3 mthesis continues 
at a maximum value at all higher intensities. The maximum rate of photo- 
synthesis is taken as the value approached at intensities of about 1,000 f.-c. 
(where photo-oxidation must be small). 

An essential difference in the consequences of the two hypotheses is that 
the first requires a much smaller rate of photo-oxidation, approaching the 
magnitude of dark respiration. This is in accord with other observations 
in the literature on the effects of light on respiration. The second hy- 
pothesis, on the other hand, requires tremendously higher rates of photo- 
oxidation. We can find no evidence for such high rates. In fact, the com- 
plete lack of response to 1,000 f.-c. after 20 and 50 minutes in 28,000 f.-c. 
(curves B and C, Fig. 3) indicates that the photos 3 mthetic mechanism is 
inactivated in both cases. The lack of response to a 3^ times increase in 
COj concentration at high intensities (Fig. 12) also makes the assumption 
of a maximum photosynthesis at these high intensities highly unl^ely. 
And it is impossible to account for the constant downward slopes (as those 
of Fig. 1) and the character of the recovery curves (Fig. 3) by the assump- 
tions involved in the second hypothesis. However, the second hypothesis 
has been considered since it represents a contrast to the first. 

Assuming, therefore, that photosynthesis is progressively inhibited by 
increasing intensities, the curves of Fig. 3 indicate that under 28,000 f.-c. 
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intensity the cells suffer a progressive injury with increasing exposure, from 
which they recover less completely and more slowly. However, the com- 
plete lack of response to 1,000 f.-c. after 20 and 50 minutes in 28,000 f.-c. 
(B and C) seems to show that the photosynthetic mechanism is fully in- 
activated in both cases. This fact explains the constant rates of oxygen 
uptake in Fig. 1 during a period in which progressive injury is taking place. 
There must be two distinct phenomena involved : (1) the complete inactiva- 
tion of the photosynthetic mechanism within the first few (20-30) minutes, 
followed by (2) a progressive destruction of some cellular material which 
eventually goes to completion and stops photo-oxidation (the total Or 
uptake approaches a limit). When the second process has gone so far that 
the photo-oxidation rate begins to decrease, the cells are completely bleached 
and can no longer recover. It may well be, therefore, that photo-oxidation 
dq)ends on chlorophyll absorption. But the inactivation of the photo- 
synthetic mechanism is here due to another effect and there need be no 
direct relation between chlorophyll content and depression of photo- 
s)mthesis. The maximum absorption of oxygen takes place when the 
photos)mthetic mechanism has been inactivated and there is stiU much 
chlorophyll present. 

Two characteristics of the phenomenon involved in the process of photo- 
S 3 mthesb inactivation are described by Figs. 5 and 7. Fig. 7 indicates that 
the process is extremely rapid, and a comparison of Figs. 5 and 7 makes it 
dear that the 5 minutes of bright light which greatly depress photosynthesis 
do not appreciably affect the rate of oxygen uptake (as indicated by the 
“carry-over” into the dark). 

Thus the rapid process required to reach the final steady rate at a given 
light intendty is conddered a destruction of some factor in the photo- 
synthetic mechanism. This factor is reduced to a concentration at which 
it is maintained at a steady state for any given intensity. The concentra- 
tion of this factor would then limit the photosynthetic rate and, along with 
photo-oxidation, determine the final rate of oxygen evolution. Such a con- 
cq>tion would apply equally well to all of the curves of Fig. 2. The main- 
tenance of the steady downward slope of curves A and B of Fig. 1 is now 
easily e]q>lained. The progresdve injury to photosynthesis does not affect 
the rate dnce photos 3 mtheds has already been stopped by the destruction 
of some photosynthetic factor during the first few minutes of irradiation. 
The die-away is explained as a decrease in photo-oxidation when its sub- 
strate or senntizer is almost used up. 

At lower light intensities (4,000-12,000 f.-c.. Fig. 2) only partial inhibi- 
tion of photo8}mtheais takes place, and a steady but reduced rate is ob- 
served. This does not result in permanent injury during the time of ob- 
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servation. Recovery in 1,000 f.-c. from such a condition is rapid (see Fig. 
5, curve D). 

As already pointed out, the intensity curves in Figs. 8, 9, and 10 show that 
with increasing light intensities the final rate of Oruptake approaches a 
common limiting value apparently independent of the history of the cells. 
On the other hand, the maximum possible rate of photosynthesis varies 
greatly with the previous history of the cells. Again, this points to the 
first hj^pothesis that all photosynthesis has been stopped by the very high 
light intensities. Otherwise it would be necessary to assume that the same 
differences in previous history which favor high photosynthetic rates also 
favor proportionately high photo-oxidation rates. 

Further mention should be made of the two types of intensity curves such 
as A and B of Fig. 10. In both cases measurements were made in the No. 9 
buffer (CO* = 78.7 X 10“* m). For curve A this is only about -A- as great 
a CO* concentration as the 5 per cent CO* in which the cells were grown. 
Most measurements of intensity curves for algae have been made under 
similar conditions. For the cells of curve B the buffer provides CO* con- 
centration seven times greater than that in which they were grown. In 
this case the rate of photosynthesis seems to be limited by some internal 
factor, probably the same one attacked during the first few minutes of ex- 
posure to high light intensities. In r^ard to curve A the suggestion is here 
proposed that cultures in high CO* and light develop a photosynthetic 
mechanism of high rate capacity. Buffer No. 9 in which the runs were 
made furnishes too little CO* for the cells to reach their maximum rates; 
and so over a range of several thousand foot-candles intensity CO* is the 
limiting factor. It is possible that through this range of increasing light 
intensity, inactivation of the photosynthetic mechanism has taken place to 
the same extent as seen in the lower curves (Figs. 9 B and 10 B). But the 
original capacity for photosynthesis is so great that CO* remains the limit- 
ing factor over a considerable range. This is supported by the results 
shown in Fig. 12. It seems likely that if the CO* concentration were in- 
creased enough, curve A would rise to a very high value. The plateau 
would then disappear and the curve would show the effects of partial in- 
activation of the photosynthetic mechanism at intensities much less than 
12,000 f.-c. 

If Fig. 14 be accepted as picturing the relation between photo-oxidation 
and photosynthesis which results in the observed curves, then in all cases 
the sharp downward breaks in the intensity curves are largely due to in- 
activation of the photosjmthetic mechanism rather than to photo;;^xidation 
which increases but slowly with increasing light intensity. 

Unfortunately the data on cyanide inhibition are not complete enough 
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to be of much help. The points at 300 and 1,200 f.-c. (curve B, Fig. 13) 
and the data of Warbuig (1920) seem to indicate that in this intensity range 
internal photosynthesis is not blocked. If this also holds for higher in- 
tensities, then inteipretation is difficult since it is not certain to what extent 
the internal photosynthesis compensates for photo-oxidation. It is true 
that the cyanide curve (B, Fig. 13) looks like an inverted form of the 
hypothetical photo-oxidation curve of Fig. 14. However, lack of knowledge 
of the specific effect of cyanide at these higher intensities allows little weight 
to be placed on this similarity. 

Obviously, more data must be assembled before the solarization effect of 
high light intensities can be completely explained. Some oxidation in ex- 
cess of dark respiration takes place under very high light intensity. We 
have tentatively called this “photo-oxidation.” We have examined two 
alternative hypotheses for the behavior of photosynthesis. The assump- 
tion of a maximum photosynthesis continuing imder very high light intensi- 
ties has been shown to be untenable. On the other hand, all of our data 
are consistent with the view that with increasing intensities photosynthesis 
is progressively inhibited while photo-oxidation is progressively increased 
at a much lower rate. 


SUiaCARY 

1. The effect on oxygen evolution of CMorella vulgaris produced by light 
intenaties up to about 40,000 f.-c. has been studied by the use of the 
Warburg technique. 

2. Above a certain critical intensity, which is determined by the previous 
history of the cells, the rate of oxygen evolution decreases from the maxi- 
miun to another constant rate. This depresaon is at first a completely 
reversible effect. 

3. ^th a sufficiently high intensity thb constant rate represents an oxy- 
gen uptake greater than the rate of dark respiration. During such a con- 
stant rate of oxygen uptake a progressive injury to the photos)mthetic 
mechanism takes place. After a given oxygen consumption the rate falls 
off, approaching zero, and the cells are irreversibly injured. 

4. Tlie constant rate of oxygen evolution (2 and 3) decreases in a con- 
tinuoys manner with increadng light intensities, approaching a value which 
is approximately constant for all lots of cells regardless of previous history. 

5. Two alternative hypotheses have been presented to e3q>lain the ob- 
served phenomena. The more acceptable of these proposes quick inactiva- 
tion of the photosynthetic mechanism, the extent of inhibition depending 
on the light intensity. 
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6. Iq CMordla vulgaris solarization is injBuenced by the previous history 
of the cdls. 
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INTRODUCTION 

The functioning of the central nervous system appears to depend upon a 
continuous and adequate supply of oxygen and glucose. When the concen* 
tration of either of these substances in the blood is lowered to approximately 
one-half of its usual level, there is significant impairment in cerebral fimc- 
tion. At one-third or one-fourth of the normal level, the individual lapses 
into coma. The effects of mild, intermediate, and severe degrees of anoxia 
on sensory and mental functions have been extensively studied. In the 
case of hypoglycemia however, only the relatively severe effects have 
received attention, mostly in connection with the treatment of diabetes 
and more recently in relation to the insulin-shock treatment of schizo- 
phrenia. 

Since the general effects of anoxia on the central nervous system have been 
reviewed elsewhere (McFarland, 1932, 1937, 1939), only the changes relat- 
ing to light sensitivity will be discussed here. Under moderate degrees of 
oxygen lack there is a general darkening and narrowing of the visual field 
and then a blurring of outlines or a decrease in visual acuity. With more 
severe anoxia, previous to loss of consciousness, there may be an inter- 
mittent cessation of all visual experiences. Pilots often report a general 
darkening of the visual field while flying at great heights (18,000 feet and 
above). In Douglas bag experiments in the laboratory, one is subjectively 
aware of the dimming of lights on being suddenly exposed to partial pres- 
sures of oxygen sim ulating 12,000 to 14,000 feet. If one is suddenly changed 
back to room air, there is a marked increase in the brightness of the lights. 
Controlled studies of light sensitivity appear to offer one of the most sensi 
tive tests available of ^e mitial as well as the advanced effects of anpxia. 
In one study, for example, the effects were first observed at 15.8 per cent 
Oj or 7,400 feet altitude. The thresholds of light sensitivity were pro- 
gressively raised with increasing deprivation of oxygen in both the rod and 
cone portions of the dark adaptation curve (McFarland and Evabs, 1939). 
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The studies of h 5 ^glycenua have not been so extensive as those of anoxia. 
Although several controlled C 3 q)eriments have been made, the observations 
for the most part are scattered and often incidental to other interests. 
After prolonged exercise on a bicycle ergometer while on a fat diet, Christen- 
sen et al. (1934) reported subjective visual phenomena and mental dullness 
which disappeared within 10 minutes after the ingestion of glucose. In a 
study of fasting in human subjects. Glaze (1928) found a decrease in their 
performance in mental tests, although no attempt was made to correlate 
the level of blood sugar with specific mental functions. The speculations 
of Barcroft (1938) relative to the blood sugar level and mental performance 
are suggestive but, as yet, have not been confirmed by experimentation. 
Evidence of a relationriiip between blood sugar levd and brain function 
was proposed by Hoagland al. (1937) in studies of the electroencephalo- 
gram during insulin hyp(^lycemia. They observed a decline in alpha 
wave frequency (Berger rhythm) of some 40 per cent which roughly paxal- 
Ided the declining blood sugar curve. The effects of small injections of 
insulin (0.02 of a imit) on rats while learning to run mazes have givai 
conflicting results. These variations in performance may be due to the 
influence of motivation on learning and conditioning. It has been demon- 
strated, for example, that small doses of insulin produce hypertonus and 
hypermotility of &e stomach which may form the basis of variations in the 
“hunger drive” in the animals (Bulatao and Carlson, 1924; also Quigley, 
Johnson, and Solomon, 1929). 

The dmilarity between the syndrome of anoxia and that of hypoglycemia, 
as far as the central nervous system is concerned, has been discussed by 
Olmsted and Logan (1923) and more recently by Gellhom (1938). Olm- 
sted and Taylor (1924) e3q>ressed the opinion that the fall in the sugar 
content of the blood causes depression of the oxidative processes in the brain 
cells to such a degree that the effects are dmilar to those of anoxia. Some 
bads for this view was obtained by Holmes (1930) and Wortis (1935). 
Th^ found that the oxygen consumption of sliced brain tissue was roughly 
proportional to the concentration of dextrose in the solution and that the 
o:^gen consumption of the brain tissue obtained from animals following 
the injection of insulin was lower than that of brain tissue obtained from 
aninjds used as controls. The application of these findings to the intact 
organism was made by Damediek, Myerson, and Stq)henson (1935), who 
found in human subjects that severe hypoglycemia decreased the differoice 
in oxygen content between the arterial blood in the carotid and the venous 
blood in the internal jugular. They found at the same time that the blood 
flow appeared to be slightly decreased, but the method they used for meas- 
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uring the velocity of the flow has since been abandoned by its author. 
Similar results have been obtained by Himwich et al. (1937, 1939) and by 
Wortis and Goldfarb (1940) on schizophrenic patients. These studies 
suggest a decreased oxygen consumption in the brain during h}^glycemia 
but before this can be proved it must be shown conclusively that the 
amount of blood passing through the brain is not increased. Loman and 
Myerson’s (1936) findings that the velocity of blood flow is decreased in 
severe h 5 T>oglycemia suggest strongly but do not prove that the amount 
also is decreased. 

The brain is apparently less able to bum fats and proteins than other parts 
of the body. Glucose appears to be the main metabolic substrate. Even 
though (or perhaps because) the brain is composed largely of lipoid matter, 
fats probably are not oxidized Qowett and Quastel, 1935). In the advanced 
stages of diabetes, when the rest of the organism obtains most of its energy 
from the oxidation of fat, the brtun continues to oxidize carbohydrates 
(Himwich and Nahum, 1932) . The cerebral supply of reserve carbohydrate 
in the form of glycogen is very limited (Kerr and Ghantus, 1936). The 
brain is, therefore, largely dependent on the sugar of the blood to satisfy 
its demands. In the light of these findings, a reduction in blood sugar 
would be ejq)ected to reduce the oxidation in the brain. 

It is a reasonable h}rpothesis therefore that both anoxemia and hjrpo- 
glycemia produce their effects in essentially the same way; namely, by 
slowing the oxidative processes. If this is the case, the effects should be 
upon the same parts of the organism and, in general, similar (though not 
necessarily identical, for one need not assume identical oxidative processes 
in all parts). Broadly speaking, the effects are similar. They are first 
observed in the nervous system in both cases, and their similarities are 
numerous. If in both cases it is reduced oxidation, rather than anoxia or 
hypoglycemia in themselves, which impair the mental functions, one would 
expect that in accordance with the law of mass action, dxidation would be 
increased by giving glucose in anoxia or oxygen in hypoglycemia. In 
either case, the organism should return toward normal, and this our experi- 
ments were designed to test. We lowered the blood sugar by injecting in- 
sulin and then increased the oxygen tension. On other occasions we 
exposed the subjects to low oxygen and increased the blood sugar. Finally, 
in a limited number of experiments, we lowered the concentrations of both 
of these substances simultaneously. 

Other experimenters have used changes in blood pressure as criteria for 
analyzing the relation between hypoglycemia and anoxia in their action 
on the nervous system (Gellhom, 1938). While this procedure is satis- 
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factcMy from the point of view of its objectivity, it is somewhat unA^tis 
factory in so far as a rise in blood pressure cannot be said to indicate m 
better or worse function on the part of the nervous system. In the 
ments described below, we have used the thresholds for light sensitiviU 
as criteria of the effects of hypoglycemia and anoxia on the central nervous 
S3rstem, believing that decreased sensitivity indicates poorer function. 
The phenomenon of the darkening of the visual field mentioned previously 
was followed by the usual procedure of stud5dng night blindness; i.e., the 
measurement of the return of the capacity to see in the dark following 
ejiposure to a light of high intensity. This test proved to be reasonably 
objective and reliable for use with human subjects and could be carried out 
satisfactorily even under moderately severe anoxemia or hypoglycemia. 

Apparatus 

The measurements of light sensitivity were made with a Hecht adaptometer which 
has been described in detail elsewhere (Hecht and Shlaer, 1938). The light adapting 
field, occupying about 35 ^ visual angle and bright enough to show both cone and rod 
adaptation in the measurements (1,500 millilamberts) was exposed for 3 minutes. The 
test field, occup 3 dng 3® visual angle in diameter, was viewed 7® nasally with the right 
eye. In this region, the populations of rods and of cones are more nearly equal than in the 
center of the retina or farther in the periphery. The luminous fixation point used to 
keep the eye centered and steady was sufficiently removed from the measuring area so 
as not to interfere with its function. The measuring light was from the extreme violet 
end of the spectrum which furnished a clear color distinction between cone function and 
rod function. It was exposed in flashes of one>fifth of a second, long enough to produce 
good perception and short enough to be near the retinal action time. 

Experimental Procedure 

The test of light sensitivity consisted of two parts. First, the eye was exposed to the 
standard li|^t adaptation. Then as the subject remained in the dark, the intensity 
threshold to flashes of violet light was determined approximately every 2 minutes until 
the end of the session. It is well known that dark adaptation proceeds in two stages, 
the first is very rapid and b over in a few minutes while the second is late in starting and 
continues for at least half an hour. The first part of the curve represents the behavior 
of the cones of the retina (color vision) and the delayed or slower second stage of adapta- 
tion the behavior of the rods (night vbion) (Hecht, 1937). Each datum secured, 
therefore, represents the just perceptible light intensity after a certain time in the dark. 
Approximately fifteen such determinations give a curve of dark adaptation similar to 
those shown in Figs. 1 to 5. Time is plotted on the horizontal axb on an ordinary arith- 
metic scale and the logarithm of the intensity of a just perceptible light is plotted on the 
vertical axb. 

The final thresholds in the various control curves represent a brightness of about one 
thousand-millionth of a lambert corresponding roughly to an illumination of one millionth 
of a foot-candle. Since the logarithms of such fractional numbers are negative and 
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inconvenient to usOi the designers of the apparatus ad<^ted a unit much than the 

lambert; namely, the miaomiczolambert Oi/ul) or 1 X 10"^ lamberts. All possible 
values of the threshold are thus given by positive logarithms. 

All of our experiments were carried out in a chamber where the temperature (mean 
70^ F.) and ventilation were controlled with an air conditioning unit and where the 
concentrations of oxygen could be main tained at any desired level, the total barometric 
pressure remaining constant. Normal fasting subjects, var 3 dng in age from 25 to 37 
years, were thoroughly practiced in the experimental procedure. A control dark adapta- 
tion curve was obtained before each experiment. Then the subject was exposed to low 
oxygen tensions by adding nitrogen to the atmosphere in the room from a cylinder of 
nitrogen attached to an outside manifold. Samples of air were obtained inside the 
chamber for the analysis of 0^ and CO 2 on the Haldane apparatus and samples of 
alveolar air were taken from the subject at the same time. After exposure to the low 
oxygen tensions for 20 to 30 minutes, another dark adaptation curve was plotted and 
then the subject was given glucose or oxygen as the case might be. In other experi- 
ments after the control curve was obtained, the subject was given insulin (5 to 8 units 
intramuscularly), tested again, and then subjected to varying oxygen tensions, and 
finally given glucose. During these experiments, samples of blood were obtained at 
various intervals for determination of the blood sugar (Folin micro method on unlaked 
blood from finger).^ In certain experiments, as can be seen from the curves in Figs. 1 
to 3, oxygen, nitrogen, or glucose was given while the eyes were still dark adapted and 
the effects observed without starting the whole procedure (exposure to light, etc.) 
over again. 

The following series of experiments were carried out in accord with the 
technique and procedure described above. 

I. Low oxygen series in 13.3, 11.4, and 10.0 per cent oxygen correspond- 
ing to altitudes of 12,000, 16,000, and 19,000 feet, respectively (6 subjects). 

II. Control tests in air followed by tests during the inhalation of decreas- 
ing concentrations of oxygen going as low as 7.3 per cent oxygen in one 
case (5 subjects). 

III. Low oxygen tests followed by the ingestion of 70 to 80 gm. of glucose 
(5 subjects). 

IV. Insulin tests (5 to 8 units) followed by the inhalation of oxygen and 
the ingestion of glucose (9 subjects). 

V. Combined effects of insulin and low oxygen (1 subject). 

VI. Basal and non-basal series (10 subjects). 

RESULTS 

The results obtained in Series I in low oxygen are shown in Table I and 
Figs. 1 and 2. The average partial pressures of oxygen in the chamber and 

^ This method gives approximately the true glucose values and our figures therefore 
run 10 to 20 mg. lower than those obtained by methods which include the non-glucose 
reducing substances of the blood. 
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in the alveolar air are shown in Table II. The data obtained from one 
subject (W. F.) while inhaling a concentration of 9.45 per cent 0* in the 
diamber are plotted in Fig. 1. Each discrete threshold, as determined by 
the procedure described above, falls quite dose to the curve which has been 


TABLE I 

Thresholds of Light SeissitivUy for Subject W. F. and the Mean for Six Subjects in Normal 
Air (20.94 Per Cent QO ^‘"d While Inhaling Three Different Low Concentrations 
of Oxygen (Cf. Figs. 1 and Z) 


Subject W. F. 


Mean of six lubjecta 


Control 
(normal air) 

9.45 per cent Oi 
(20,000 ft) 

Time 

Control 

(normal 

•ir) 

13.4 per 
centOt 
(11,500 ft) 

11.5 per 
cent Or 

(15,400 ft) 

10.1 per 
centOi 
(18,500 ft) 

Time 

Log/ 

Time 

Log/ 


Log/ 

Log/ 

Log/ 

Log/ 

anffk 



min» 



min. 





0 

06 

7.3S 

0 

09 

7.24 

2 

6.21 

6.38 

6.49 

6.58 

1 

50 

6.22 

1 

50 

6.70 

4 

5.87 

5.96 

6.23 

6.32 

3 

50 

5.97 

3 

10 

6.57 

6 

5.75 

5.82 

6.12 

6.23 

5 

50 

5.79 

4 

30 

6.51 

8 

5.70 

5.76 

6.08 

6.18 

8 

50 

5.81 

5 

50 

6.39 

10 

5.18 

5.32 

5.56 

5.81 

11 

05 

4.75 

7 

40 

6.26 

12 

4.49 

4.66 

4.82 

5.10 

13 

30 

4.17 


20 

5.73 

14 

3.99 

4.12 

4.31 

4.59 

15 

40 

3.84 

12 

50 

4.75 

16 

3.66 

3.75 

4.00 

4.24 

18 

20 

3.38 

15 

30 

4.11 

18 

3.43 

3.54 

3.79 

4.01 

21 

25 

3.24 

17 

20 

3.90 

20 

3.27 

3.38 

3.64 

3.86 

25 

10 

3.03 

19 

50 

3.73 

22 

3.16 

3.30 

3.52 

3.75 

27 

35 

2.99 

22 

55 

3.51 

24 

3.09 

3.25 

3.46 

3.68 

30 

20 

2.95 

25 

30 

3.44 

26 

3.05 

3.21 

3.40 

3.65 

33 

10 

2.93 

27 

50 

3.48 

28 

3.02 

3.20 

3.38 

3.63 




30 

00 

3.55 

30 

3.01 

3.20 

3.37 

3.62 




33 

00 

3.51 

32 

3.01 

3.20 

3.37 

3.62 




After inhaling Os from a 
cylinder 



After inhaling Ot from a 
cylinder 




33 

50 

3.20 

33.3 

3.00 

3.12 

3.21 

3.29 




34 

40 

2.98 

34.5 

3.01 


3.08 

3.12 




35 

55 

2.92 

36.0 

2.98 

3.01 

2.95 

2.96 


Throughout the tables intensity (7) b in micromicrolamberts. 


drawn through these various points. In comparing the curve in air with 
the curve in 9.45 per cent Os it appears that the cone portion was elevated 
by approximately 0.5 of a log unit and the rod portion by 0.6 of a log unit. 

At the end of each test in low oxygen, the subject inhaled oxygen from a 
cylinder inside the chamber. Without exception, the final rod threshold 
fell within 2 or 3 minutes to about the level of the normal base line in air or 
even below it. Changes in the threshold were noticed after the subject 
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had been inhaling oxygen for less than one-half minute. This effect of 
excess Oi is shown graphically in Fig. 1 for subject W. F, The data for 
the group of six subjects are shown in Table I. 

The data for the mean curves of Fig. 2 were obtained while inhaling three 
different concentrations of O 2 in the chamber, namely 13.4, ll.S, and 10.1 
per cent O*. The experimental procedure was as follows. Each of six 
subjects served in the experiment on three different days, each time taking 


TABLE n 

The Average Tension of 0% and CQ 2 w the Chamber and in the Alveolar Air While Collecting 
the Data Shown in Table I and Figs. 1 and 2 



Control in 
normal air 

lit Hour 

2nd Hour 


Alveolar air 






pOt 

^Ot 

Oi 

COi 



Oi 

COi 




mm. Eg 

mm. Eg 

per 

mni 

Pm 

utU 

mm. 

Bg 


pm 

emU 

Pm 

CMl 


flmn. 

Hg 

Subject W. F. 

9.45 per cent Oj 

20,000 ft 

103.4 

40.2 

9.26 

0.20 

31.4 

30.6 

9.45 

0.32 

32.5 

31.4 

Mean six subjects 

13.4 per cent Oi 

11,500 ft. 

((y. curve I, Fig. 2) 

102.7 

39.4 

13.44 

0.18 

52. 7 

34.1 

13.38 

0.28 

51.6 

35.3 

Mean six subjects 











11.5 per cent Ot 

15,400 ft. 

(C/. curve II, Fig. 2).... 

104.6 

40.4 

11.52 

0.26 

43.1 

31.7 

11.47 

0.32 

42.4 

32.3 

Mean six subjects 











10.1 per cent Oi 

18,500 ft. 

(Cf. curve in. Fig. 2).., 

102.5 

39.6 

10.15 

0.21 

34.5 

29.4 

10.13 

0.?9 

33.7 

30.1 


the test in air followed by two tests in low oxygen, the first begun after 
approximately 20 minutes’ exposure to anoxia, and the second after 1 hour. 
The control curve in air, therefore, is based upon the mean of eighteen 
experiments, and each of the three low oxygen curves upon the mean of 
six experiments carried out at intervals varying from 7 to 10 days. The 
low oxygen curves shown in Fig. 2 were those obtained during the 1st hour 
in the chamber. The results obtained during the 2nd hour, which will be 
discussed more fully below, were quite s imi lar to the data shown in Table I 
and Fig. 2. 

The method used in plotting the mean curves as shown in Fig. 2 was as 
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follows. The thresholds for each subject tmder the various conditions of 
oxygen deprivation were charted separately and from these individual 



Fig. 1. Dark adaptation curves in air (solid circles) and in low oxygen (open circles) 
for subject W. F. Light sensitivity was reduced by lowering the O* tension. The 
threshold returned to normal upon inhalation of O 2 as indicated by the arrow at the 
end of 53 minutes. (Cf. Tables I and II.) 



Fig. 2. Mean dark adaptation curves showing that if the oxygen tension was low, 
the thresholds were high. In the control curves each solid circle is based on the average 
of eighteen experiments; in the curves obtained at simulated high altitudes, each open 
circle is based upon the average of six experiments. (C/. Tables I and II.) 

Olives, the deviation from the control was read off at constant intervals 
of 2, 3, or 4 minutes. In this way, it was possible to average the readings 
on a composite curve at similar time intervals following the light adapting 
stimulus. The composite curves give the appearance of the thresholds 
being more regular than was actually the case. The discrete points of each 
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observation did not deviate widely from the curve. This can be seen from 
the data in Fig. 1 for subject W. F. whose curve was quite typical of the 
others. The mean curves for six subjects. in Fig. 2 show increasing anoxia 
gives an increasing elevation from the base line in both the cone and rod 
portions. The values of the final rod threshold for these six subjects 
ranged from 2.85 to 3.05 in the control series, from 3.05 to 3.22 in 13.4 per 
cent Oj, from 3.15 to 3.30 in 11.5 per cent Oj, and from 3.50 to 3.85 in 10.1 
per cent O*. In 10.1 per cent Oj the inter-individual variability was 
therefore 0.35 of a log unit, or about twice what it was in less severe anoxia, 
indicating that at this high altitude, the differences between individuals 
were accentuated. 

During each experiment, as stated above, three dark adaptation curves 
were plotted with the adaptometer; one in air followed by two in low 
oxygen. The third test on the adaptometer was given to observe whether 
the effects were increased or decreased during the 2nd hour. In this way 
we believed that it might be possible to obtain some indication of the 
degree of acclimatization attained by each subject. The results were as 
follows. In 13.4 per cent Oj both the cone and rod portions of the curve 
were approximately the same during the 1st and 2nd hours for all the sub- 
jects. There were no significant changes in the cone portions of the curve 
in 1 1.5 per cent Oj but four of the six subjects were poorer in the rod portion 
by 0.10 to 0.25 of a log unit. In 10.1 per cent Os five of the six subjects 
were poorer in both the rod and cone sections of the curve varying from 
0.15 to 0.40 of a log unit. During the final series in 10.1 per cent Os both 
the inter- and intra-individual variability in thresholds increased. The 
extent of the impairment and the variability were related to the extent of the 
changes in pulse rate and blood pressure and the decrease in partial pressure 
of oxygen in the alveolar air. In fact there appeared to be a fairly close 
relationship between the extent of the impairment in the final rod threshold 
of each subject and his ability to tolerate the effects of acute anoxia as 
judged by his general condition. Our observations are, therefore, in 
agreement with the suggestion of Clamann (1938) who believes that the 
extent of the impairment in light sensitivity imder low oxygen might serve 
as a reliable objective test of one’s ability to tolerate anoxia. 

In Series II we analyzed the effects of anoxia on the dark adapted eye 
while the concentrations of oxygen were gradually decreasing. The resdlts 
are shown in Table III and Fig. 3. After determining the lowest thresh- 
old for each subject in air over a period of 40 minutes (c/. Fig. 3), the 
air in the chamber was diluted with nitrogen so that within approodmately 
20 minutes the percentage of oxygen was reduced from 21 to 13, simulating 
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TABLE m 


TkreshcUs of litfit SonsUirity for SiAjeOs W. F. and I. L. and the Mean for Five Sntfects 
in Normal Air (20.94 Per Cent QO and in Decreasing Concentrations of Oxygen, Followed 
by the Inhalation of Ox from a Cylinder (Cf. Fig. 3, Parts A, B, and Q 


Metn curve: S lubjectf 

Subject I. L. 

‘ 

Subject W. F. 

Time 

Log/ 


Time 

Log/ 

Oiin 

chamber 

imi 

Log/ 


ftrin. 



min. 

SBC. 


psscsia 


Bl 


PSf cent 

Nomydair 

1 Noniialair 

Normal air 

2 

6.22 

20.94 

0 

13 

7.35 

20.94 

0 

09 


20.94 

4 

5.90 


1 

45 

6.33 


1 

50 



6 

5.75 


3 

00 

6.10 


3 

30 



7 

5.71 


4 

55 

6.04 


5 

45 



8 

5.68 


7 

15 

5.93 


7 

50 

5.66 


9 

5.55 


9 

20 

5.58 


10 

15 

5.10 


10 

5.20 


11 

40 

4.85 


12 

20 

4.53 


12 

4.56 


14 

40 

mSm 

20.94 

14 

00 

3.88 

20.94 

14 

4.10 


17 

25 

3.57 


16 

30 

3.63 


16 

3.74 


20 

20 

3.24 


19 

40 

3.19 


18 

3.49 


23 

45 

3.11 


22 

40 

3.13 


20 

3.33 

20.94 

27 

15 

2.99 


25 

30 

3.05 


22 

3.18 


30 

45 

2.91 


29 

05 

2.88 


24 

3.09 


33 

40 

2.93 


32 

50 

2.82 


26 

3.03 


36 

55 

2.91 


37 


2.78 


28 

2.98 


40 

ms 

2.88 

20.94 

40 

20 

2.78 

20.94 

30 

32 

2.93 

2.89 













34 

2.88 


1 

10 

3.09 

13.2 

5 

05 

3.03 

12.3 

36 

2.87 


2 

35 

3.09 


8 


2.88 


38 

2.86 


4 

00 

3.11 


11 

30 

3.01 


40 

2.86 

20.94 

5 

10 

3.09 


15 

35 

2.86 

10.9 


. 


8 

20 

3.15 


19 

40 

3.01 


Decreatiiig oonoe&tration of Oi 

11 


3 19 


24 

20 

3 07 


2 

3.01 

12.6 

13 

05 

3.30 


30 

30 

3.13 

9.6 

4 

3.03 


15 


3.28 

11.6 

36 

15 

3.22 


6 

3.05 

12.2 

19 

05 

3.36 


39 

40 

3.19 


8 

3.07 


22 

40 

3.32 


42 

25 

3.17 



3.08 


24 

45 

3.40 


46 

20 

3.22 

8.5 

12 

3.09 


27 


3.36 


50 

05 

3.28 


14 

3.10 

11.4 

30 

10 

3.44 

11.6 

52 

40 

3.19 


16 

3.11 


34 

10 

3.28 


54 

45 

3.28 



3.12 


36 


3.30 


58 

20 

3.26 



3.13 


38 

kS 

3.38 


60 

10 

3.34 


24 

3.15 


40 

40 

3.36 


62 

15 

3.40 


28 

3.18 

11.0 

42 

50 

3.44 


65 

05 

3.36 


36 

3.22 


45 

10 

3.36 

11.2 

68 

10 

3.48 
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TABLE m—CmcMei 


Mean curve: 5 lubjecti 

Subject I. L. 

Subject W. F. 

Time 

Log/ 

Olin 

chamber 

Time 

Log/ 

Oiin 

ebuBbw 

Time 

Log/ 


mim. 


pwciiU 

min. 

ste. 


ptremU 

min. 

$9e. 



Decreaaing concentration of Oi 

Deoeasing concentration of 0* 

Decreaiing concentration of Qi 

38 

3.23 


48 

05 

3.40 


n 

05 

3.51 

mm 

42 

3.24 

10.2 

51 

00 

3.48 



10 

3.55 


44 

3.29 


i 54 

20 

3.51 


wm 

00 

3.57 

^9 

46 

3.30 


i 55 

40 

3.46 


Bsfi 




48 

3.31 


: 58 

10 

3.38 


After 

inhaling < 

)tfroma< 

funder 

50 

3.33 


I 61 

05 

3.48 

10.8 

1 

05 

2.86 


52 

3.35 






1 

30 

2.82 


54 

3.36 


After 

inhaling 0 

ii from a cylinder 

2 

10 

2.68 


56 

3.39 


I 1 

05 

3.09 


2 

40 

2.66 


58 

3.40 


1 1 

35 

2.95 


3 

00 

2.68 


60 

3.42 


2 

10 

2.99 


5 

10 

2.68 





! 3 

05 

2.88 


6 

00 

2.64 


After inhaling Oi from a 
cylinder 

1 ^ 

00 

2.91 









5 

10 

2.78 






2 

2.92 


6 

05 

2.74 






4 











6 

2.73 










8 

2.73 











12,500 feet altitude. During the following hour the threshold was deter- 
mined every 2 to 3 minutes as the oxygen in the chamber was being re- 
duced by a slow but continuous inflow of nitrogen. The final level of the 
oxygen averaged 10.2 per cent in five of the experiments (c/. Fig. 3A), but in 
the case of W. F., it was lowered to 7 .3 per cent (Fig. 3C). 

In each experiment, the threshold gradually rose as the concentration 
of oxygen decreased. In interpreting the results, one should keep in mind 
the fact that the data are plotted in logarithmic terms. The mean increase 
in the threshold, if plotted in micromicrolamberts instead of in their loga- 
rithms, was approximately fivefold for the five subjects of Fig. 3A and for 
subject I. L. in Fig. 3B, and eightfold for subject W. F. in Fig. 3C. The 
regeneration of the photochemical substances was apparently complete at 
the end of 40 minutes’ dark adaptation. However, wiA gradually decreas- 
ing 0* concentrations the thresholds continued to rise in proportion to the 
degree of anoxia. Although anoxia may impair the photochemical proces- 
ses in the retina in some unknown way, it is more probable that the effects 
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are on the nervous tissue involved in the visual me chanism either in the 
brain or periphery or both. This will be discussed more fully below. The 



Fig. 3. The effects on light senativity produced by altering the percentage of oxygen 
in the inspired air. After the eye was adapted (control curve) for 40 minutes, 
the air in the chamber was dfluted with nitrogen. Then the thresholds, which were 
determined every 2 to 3 minutes, gradually rose as the concentration of oxygen was 
reduced. At the end of each experiment, the subject inhaled oxygen from a cylinder 
and the threshold returned to normal. The curves shown in (A) are based on the 
of 5 subjects. The individual curves of two subjects are shown in (B) and (C). {Cf. 
Table m.) 

inhalation of oxygen restored normal function within 2 to 3 minutes, the 
final threshold usually dropping as low as or lower than the original 
level. 

In Series III the effects of variations in blood sugar on light sensitivity 
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were studied both in air and in low oxygen. The dark adaptation curves 
were determined in air and then twice during glucose tolerance tests. The 
blood sugar determinations are shown in Table IV. The thresholds of 
light sensitivity for five subjects were not changed significantly during the 
1st hour of the tolerance tests while the blood sugar was rising or while it 
was high, but during the 2nd hour when the blood sugar was falling there 
was an impairment ; i.e. , a rise in the threshold above the normal level. The 
effect of raising the blood sugar by giving a normal breakfast was tested 
later on a larger group with rather different results. 

The procedure was then varied so as to study the effectiveness of hyper- 
glycemia in counteracting the impairment associated vath anoxia. Two 
subjects were tested first in air and then in 10 per cent 0* and a third time 


TABLE IV 

The Concentration of Sugar in the Blood during Glucose Tolerance Tests 
(Mg. Per too Cc. of Blood) 



LL. 

W. F. 

R.M. 

K.N. 

S.T. 

M.O. 

MeftB 

Control 

71 

80 

89 

90 

87 

84 

83.5 


no 

139 

152 

145 

148 


136.3 

1 hr 

95 

125 

141 

125 

132 


123.5 

1} hrs 

SO 

105 

70 

124 

98 

84 

93.5 

2 hrs 

104 

no 

84 

104 

94 

92 

98.0 


while still in 10 per cent Ot but after ingesting 80 gm. of glucose. During the 
first two tests the blood sugar was about 70 mg. per cent; during the third 
over 110 mg. per cent. In each case the light sensitivity was increased 
after eating the glucose, i.e. the threshold fell in spite of the continuing low 
oxygen but it did not quite reach the normal level. 

This line of experimentation was continued but a different procedure was 
followed. Each of five subjects was given ^o tests on the adaptometer, 
the first one being in air, and the second in low oxygen, the average oxygen 
concentration being 10.4 per cent. While the eyes were completely dark 
adapted, i.e. after the curve had been followed for 40 minutes, each subject 
drank a glassful of strong glucose solution (1 gm. glucose per kg. body 
weight in 200 cc. of water). The results for M. V. are shown in Fig. 4 
and Table V and for four additional subjects in Fig. 5 and Table V. It 
took 4 minutes to consume the glucose and from 6 to 8 minutes elapsed as 
indica ted by the arrows in Figs. 4 and 5 before additional thresholds were 
determined in low O*. The blood sugar averaged 65 mg. per cent during 
the low oxygen tests and remained fairly constant as shown in Table VI. 
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These values rose to an average of 128 mg. following the ingestion of the 
glucose. It is interesting that of this group the eflFects of low Oi on light 



Fig. 4. The effects of low oxygen and glucose on the dark adaptation curve for Sub- 
ject M. V. The solid circles (control curve) are based on measurements in normal air 
and the open circles in 10.4 per cent Os simulating 18,000 feet altitude. The effects 
of the anoxia were counteracted by the ingestion of glucose (80 gm.). (C/. Tables V 
and VI.) 



Fig. 5. The effects of anoxia and glucose on the average dark adaptation curve for 
four subjects. The solid circles (control curve) are based on measurements obtained 
in normal air and the open circles in concentrations of Os averaging 10.4 per cent. The 
extent to which glucose counteracted the effects of anoxia in each individual is shown 
in the difference between the numbered lines at the end of the graph. Each number 
represents an individual subject. iCf. Tables V and VI.) 

sensitivity were the least in the case of the subject No. 2, who had showed a 
significant increase in blood sugar during the control test possibly due to 
excitement (c/. Table VI and subject 2 in Fig. 5). The light sensitivity was 
improved in each subject after ingesting the glucose in low oxygen, although 


TABLE V 

Thresholds of Light Sensitivity in Normal Air^ Compared with Thoss in Low Oxygen before 
the Ingestion of Glucose (Cf, Figs. 4 and 5) 


Subject M. V. 

1 Mean of four subjects 

Control in normal air 
(20.94 per cent Os) 

10.4 per cent Os 
(18.000 ft.) 

Time 

Control in 

normal air 

(20.94Der 

centos) 

10.4 per 
cent Os 
(18,000 ft.) 

Time 

Log I 

Time 

Log I 


Log I 

Log/ 

min. 

s«c. 


fmiB. 

s§e. 


min. 



0 

14 

7.3S 


19 

7.35 

2 

6.26 

6.59 

1 


6.41 

1 

40 

6.74 

4 

5.90 

6.30 

3 


6.12 

3 

00 

6.53 

6 

5.78 

6.16 

6 


5.77 

6 

30 

6.33 

8 

5.74 

6.14 

8 

20 

5.60 

9 

40 

5.62 

10 

5.08 

5.50 

10 

15 

4.88 

12 

00 

5.10 

12 

4.29 

4.76 

13 

50 

3.92 


35 

4.02 

14 

3.96 

4.31 

17 

30 

3.69 


30 

3.96 

16 

3.68 

4.01 

21 

00 

3.46 


25 

3.82 

18 

3.45 

3.80 

24 

10 

3.24 


10 

3.77 

20 

3.26 

3.68 

27 

30 

3.01 

26 

05 

3.67 

22 

3.14 

3.56 

31 

30 

2.99 

29 

00 

3.61 

24 

3.05 

3.50 

34 

50 

2.95 

32 

10 

3.63 

26 

2.98 

3.46 

37 

10 

2.95 

34 

20 

3.61 

28 

2.92 

3.45 

40 

15 

2.91 

38 

05 

3.57 

30 

2.91 

3.45 




40 

10 

3.61 

32 

2.90 

3.44 








2.90 

3.44 








2.90 

3.44 








2.89 

3.44 








2.89 

3.44 









After ingest- 




After ingesting glucose (75 gm.) 



ing glucose 









(70-80 gm.) 




2 


3.36 



3.23 




3 

55 

3.09 



3.17 




5 

15 

2.88 



3.13 




8 

20 

2.86 

8 


3.12 




11 

40 

2.84 

10 


3.10 




14 

15 

2.86 

12 


3.09 




20 

10 

2.82 

14 


3.09 







16 


3.09 







18 


3.09 


TABLE VI 


The Concentration of Sugar in the Blood of Five Sul^ects in the Basal State during 
Experiments Carried out in Low Oxygen and after the Ingestion of 
Glucose (Cf. Figs. 4 and 5) (Mg. Per 100 Cc. of Blood) 





m 


s!U. 


Mean 

Control in nonnal air 

71 

77 

60 

63 

76 

69.4 

4.1 

a 

15 min, later 

62 

66 

64 

55 

65 

ti2.4 

§ 

40 « “ 

66 

80 

69 

54 

66 

67.0 

8 .< 5 ' 

1 hr. 15 min. later 

65 

78 

72 

58 


66.0 

41 

s 

15 min. after 70-80 gm. 
^ of ^ucose 

120 

132 

145 

116 

131 

128.8 
























TABt£ Vn 

Thresholds of Light Sensitivity for Subfect W. F, and for a Group of Nine Subjects in 
Normal Air {20.94 Per Cent QO; after Injection of Insulin; after Inhaling 0%; after 
Being Returned to Normal Air; and after Ingesting Glucose (Cf. Figs. 6 and 7) 


Subject W. F. |i Mean of 9 subjects 


Control 
(normal air) 

Insulin (S units) 

(nonnal air) 

ii 

1 Time 

Control 

(normal 

•ir) 

Insulin 
(meaa>7 
units) (nor- 
mal air) 

Time 

Log/ 

Time 

LogI 

1 

Log/ 

Log/ 

wdn. 

s§e. 


min. 

see. 


! min. 



0 

08 

7.35 

0 

08 

7.35 

I 2 

6.23 

6.36 

1 

40 

6.26 

1 

55 

6.28 

1 4 

5.93 

5.07 

3 

30 


3 

imsm 


1 ^ 

5.84 

5.94 

6 

00 

5.81 

5 

55 

5.87 

! 8 

5.76 

5.89 

8 

55 

5.62 

8 

\msm 

5.77 


5.32 

5.60 

11 

55 

4.33 

10 

35 

5.14 

*2 

4.60 

4.90 

14 

50 

3.73 

12 

20 

4.79 

14 

4.14 

4.44 

16 

40 

3.51 

14 


4.08 

16 

3.80 


19 

50 

3.22 

16 


3.71 

i! 18 

3.56 

3.86 

23 

05 

2.95 

18 

35 

3.46 


3.38 

3.68 

27 

05 

2.82 


50 

3.42 

!; 22 

3.23 

3.56 

30 

20 

2.78 

23 

10 

3.38 

24 

3.14 

3.46 

34 

15 

2.72 

27 

05 

3.24 

26 

3.07 

3.40 

37 

05 

2.68 


00 

3.11 

28 

3.01 

3.36 

40 

20 

2.68 

33 

05 



2.97 

3.32 




36 



32 

2.94 

3.28 




39 

os 

2.99 

34 

2.93 

3.27 




42 



36 

2.92 

3.27 




44 

15 


38 

2.92 

3.27 




48 

00 

3.01 


2.92 

3.27 




53 

00 

2.99 1 

1 







After inhaling Oi from a cylinder j 

i 

After inhaling Oi from 
a cylinder 




0 - 

mm 

2.86 

2 


3.02 




1 

30 

2.88 

4 


2.96 




2 


2.68 

6 


2.95 




A 


o e*7 







5 

40 

15 

Z.Oi 1 

2.62 I 

2.64 1 

Normal air 




6 

2 


3.04 




Normal air j | 

4 

A 


3.16 









0.11 




1 

20 

2.88 

8 


3.16 




3 

00 

2.88 

10 


3.16 




After ingesting glucose (80 gm.) 

After ingesting glucose 
(70 to 80 gm.) 




2 

30 

ns 



3.09 




4 

00 




3.03 




7 

20 




2.98 




10 

50 




2.95 




14 

05 




2.92 




17 

10 




2.91 




20 

10 

IJLJi 



2.91 
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TABLE Vm 


Tke Concenlration of Sugar in Uie Blood foOotring the InjKtion of Insulin (Cf. Figs. 6 and T) 

(Mg. Per 100 Ce. Blooi) 



O.Y. 

R.S. 

M.V. 

W.H. 


I.L. 


Group 


8 unit! 

7 unit! 

5 unit! 

8 unit! 

8 unit! 





mean 

Control 

22-27 min. after 

65 

64 

85 

88 

91 

77 

78 

70 

. 79 

77.0 

insulin 

40-45 min. after 

50 

55 

77 

68 

66.5 

58 

69 

66 

62 

63.5 

iy^aulin 

54-60 min. after 

40 

54 

69 

52 

31.3 

49 

61 

69 

67 

54.7 

insulin 

20-25 min. after 70- 

43 

45 

64 

60 

49 

46 

68 

66 

65 

56.0 

80 gm. glucose. . 

85 

96 

125 

131 

120 

105 

111 

109 

118 

111.1 


TABLE IX 

Thresholds of Light Sensitivity in Normal Air (20.94 Per Cent 0») and after the Injection of 
Four Units of Insulin While Inhaling 13.2 Per Cent Oi Simulating 

12,000 Feet AUUude (Cf Fig. S) 

SubjKt w. F. 


Control in normal air (20.94 per cent Oi) 


Combined effect! of 13.2 per cent Ot and 
four unit! of iimulin 


min. 

0 

1 

3 

4 
7 

10 

11 

14 

17 

20 

24 

26 

30 


Time 


s«e. 

06 

30 

10 

55 

40 

05 

55 

30 

15 

45 

00 

20 

15 


Log I 

Time 


min. 

r«c. 

7.24 

0 

08 

6.26 

1 

20 

5.89 

2 

55 

5.79 

3 

50 

5.68 

5 

30 

5.10 

7 

15 

4.51 

8 

55 

3.90 

10 

35 

3.34 

12 

10 

3.11 

14 

50 

3.03 

17 

50 

2.88 

20 

00 

2.86 

23 

20 


26 

30 


28 

15 


30 

05 


Log/ 


7.35 

6.54 

6.24 

6.22 

6.14 

6.02 

5.98 

5.49 

5.06 
4.43 

4.07 
3.82 
3.48 
3.57 
3.46 
3.46 


the changes were not large in subject 2 {cf. Fig. 5). We were surprised to 
find that the light thrediolds were affected by the glucose so soon after 
ingesting it, the sensitivity reqwnding within 6 to 10 nunutes. 
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Fig. 6. The effects of insulin (low blood sugar) and oxygen on light sensitivity. The 
solid circles (control curve) are based on measurements in normal air and the open circles 
on measurements also taken in normal air but following the injection of insulin. The 
threshold was increased when the blood sugar was lowered. When Oi was inhaled at 
the end of the experiment, the threshold returned to normal but on returning to room 
air the threshold rose again to the hypoglycemic level. (C/. Tables VII and VIII.) 



Fig. 7. The effects of insulin, oxygen, and glucose on light sensitivity. The solid 
circles (control curve) are based on the average thresholds for nine subjects in air and 
the open circles for the same subjects also in normal air but after the injection of insulin, 
the inhalation of oxygen, and the ingestion of glucose. When the blood sugar was 
lowered by insulin the thresholds increased; when the subjects inhaled oxygen from a 
cylinder, the thresholds returned to normal; when the subjects were returned to room 
air the thresholds rose; and finally when the subjects ingested glucose the thresholds fell. 
(C/. Tables VII and VHI.) 

In Series IV, the subjects were given insulin followed by the inhalation 
of oxygen and the ingestion of glucose. The results obtained with the 
adaptometer are shown in Table VII and Figs. 6 and 7. The procedure 
was as follows: after the initial observations in the normal state, each sub- 
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ject was given from 5 to 8 units of insulin intramuscularly (according to 
body weight). After an interval of approximately 10 minutes, a second 
dark adaptation period was begun. Samples of finger blood were taken 
every 10 to 15 minutes for the determination of sugar (Table VIII). The 
lowest blood sugar values were reached during the testing of the rod portion 
of the curves so the effects on light sensitivity were naturally greatest during 
that part of the experiment. At the end of the insulin test, each subject 


TABLE X 


Data for Svlbjed W. P, Obtained during the Experiment in Which the Combined Effects of 
Low Oxygen and Low Blood Sugar (Jnsulin) Were Studied 
(Cf. Tabu IX and Fig. S) 


Condi tioni 


Chamber air Alveolar air 
Os ICOi M IK^Oi 


Blood sugar pr^ Codetest 


P«f Ptr mm. mm. 

cmU e$iU Bg Eg **<*#*^®**“ nUn. Eg emU 


Control in normal air . 20.960.04106.241.2 


Minutes after injec- 
tion of 4 units of 
insulin: 

22 

38 

43 

62 


13.220.18 56.433.2 


Minutes after inges- 
tion of 70 gm. of 
glucose: 

30 

35 

55 13.340.23 48.336.6 


54 114/72 17.4 


73 96/80 


64 106/76 


inhaled oxygen for 6 minutes. He was then suddenly changed back to 
normal room air. Finally, each subject ingested approximately 70 g^. 
of glucose in 200 cc. of water. An interval of 4 to 5 minutes passed during 
the ingestion of the glucose at the point in the experiment indicated by the 

Arrow in Fiif ^ 

The curves show clearly that the thresholds for Ught sensitivity depend 
upon the concentrations of blood sugar and the partial pressure of oyg^. 
After inhaling oxygen, for example, the thresholds quickly dropped to the 
normal base line. If the subject was switched back fmm pure oxygen to 
room air, however, the thresholds returned to the level reached during the 
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insulin test. Finally, if the insulin h3rpoglycemia was counteracted with 
glucose, the thresholds returned to normal. 

In Series V the combined effects of low oxygen and low blood sugar on 
the dark adaptation curve were analyzed in the case of Subject W. F. 
After the control observations, the air in the chamber was diluted with 
nitrogen until the oxygen was reduced to 13.2 per cent simulating an alti- 
tude of 12,000 feet. The subject was then given four imits of insulin intra- 
muscularly. 15 minutes later the dark adaptation test was repeated, there- 
by testing the effects of both anoxia and hypoglycemia. These combined 
effects on light senativity raised the threshold 0.6 of a log unit, a change 



Fig. 8. The combined effects of insulin and low oxygen on light sensitivity. The 
solid circles (control curve) are based on measurements in normal air and the open 
circles in 13.2 per cent Ot and after the injection of 4 units insulin. These effects were 
largely counteracted (as indicated by the triangles) when glucose was ingested, the oxygen 
remaining at 13.2 per cent. (C/. Tables IX and X.) 

considerably greater than a similar degree of anoxia or of hypoglycemia 
would have brought about separately, and rather greater than the sum 
of their separate effects. The results are shown in Fig. 8 and Table IX. 
This was the same subject who, with twice the amount of insulin (i.e. eight 
units) without anoxia, showed a rise of 0.4 (Fig. 6) and who at 20,000 
feet showed a rise of 0.6 (Fig. 1). The alteration in the chamber air in 
relation to the alveolar air is shown in Table X with several a ddition al 
physiological tests and a code test involving quickness and accuracy 
of attention. After 70 gm. of glucose were ingested, the subject remaining 
in the low Oi, the threshold fell almost to the normal level (cf. broken 
curve. Fig. 8). 

In the final series of tests (Series VI), ten subjects were given the dark 
adaptation test while fasting and after their nonxud breakfast but without 
coffee or cigarettes. The results are shown in Table XI and Fig. 9. Li the 
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insulin series, we had observed that changes in light sensitivity were present 
during moderate degrees of hypoglycemia. Since it is well known that the 

TABLE XI 


Thresholds of Light Sensitivity Based upon the Means of Ten Sulfects in the Basal and 
Non-Basal State in Normal Air (Cf. Fig, 9) 


Time 

Basal Log / 

Non-baial Log / 

min. 

2 

6.33 

6.28 

4 

5.93 

5.88 

6 

5.84 

5.84 

7 

5.75 

5.62 

8 

5.50 

5.25 

9 

5.23 

4.85 

10 

4.91 

4.52 

12 

4.37 

3.97 

14 

3.97 

3.55 

16 

3.68 

3.25 

18 

3.47 

3.04 

20 

3.32 

2.94 

22 

3.30 

2.87 

24 

3.20 

2.86 

26 

3.15 

2.84 

28 

3.15 

2.84 

30 

3.15 

2.84 



Fig. 9. The moan curves for ten subjects in the basal and non-basal state. (C/. TaUe 
XI.) 

blood sugar may be as low as 70 to 80 mg. per cent in the morning before 
breakfast, the curves were plotted under such conditions and repeated after 
breakfast when the blood sugar had risen to 100 to 120 mg. per cent. In 
nine out of the ten cases, there was an effect: as shown graphically in Fig. 9 
the final threshold in the rod portion of the mean curve was 0.3 of a log unit 
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higher in the basal state. In our opinion this degree of variation, the 
amount attributed by Hecht and Mandelbaum (1939) to intra-individual 
variation during the day or from day to day may be accounted for by the 
variations in the blood sugar in relation to meals. It is obvious that sudi a 
variable should be controlled in psycho-physical experiments involving 
delicate judgments of visual thresholds. 

DISCUSSION 

In these e:q>eriments we dealt with three primary variables: (1) the func- 
tioning of the visual mechanism, judged by the visual threshold and de- 
pendent upon oxidative processes in the brain; (2) the tension of oxygen in 
the inspired (and alveolar) air; and (3) the concentration of glucose in the 
blood. Our observations suggested that (in crude analogy to the mass 
action law) the first of these variables is more simply related to the product 
of the second and third than to either separately. On plotting the results 
this was found to be the case. Fig. 10 shows the product of the alveolar 
Oi tension and the glucose concentration in the blood plotted against the 
change in the visual threshold observed in the experiment (A log 7). The 
latter is in terms of the increment in the logarithm of the light intensity at 
the visual thre^old, the values obtmned with about 100 mm. of alveolar Oj 
and 75 mg. of glucose per 100 cc. of blood being used as a base line. This 
figure includes all the experiments in low Ot in which the subjects were 
basal and all but one* of those in low Os in which glucose was given. The 
experiments with insulin, with high Os, and with normal Os plus glucose are 
not included. The correlation between the A log 7 and the product of the 
alveolar Os tension and the concentration of glucose in the blood by the 
Pearson r method was —0.96 ± 0.01. Correlations were also obtained 
between A log 7 and the alveolar Os tendon and glucose concentration 
separately; for the former, the correlation was — 0.89 ± 0.03 and for 
the latter -0.87 ± 0.04. 

The discrete points in Fig. 10 show a certain amoimt of scatter, but per- 
haps less than might be expected in the light of the following considerations. 
In the first place, the Os pressure in the cells of the brain is not necessarily 
proportional to the tension of Os in the alveolar air nor is the glucose at the 
seat of oxidation necessarily proportional to the blood sugar. Secondly, it 
was not always posable to keep the alveolar Os tension or the concentration 
of glucose constant while the visual thresholds were being determined 
during the 30 minute period of dark adaptation. This is partiadarly true 

* Experimental difficulties encountered. 
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of the blood sugar. The results obtained under basal conditions were more 
consistent than during either the ins ulin or high glucose series. In fact 
both the impairment in the thresholds and the variability appeared to 
increase if the glucose was falling, irrespective of its level. may be 
illustrated by the fact that during the part of the glucose tolerance test 
when the blood^sugar was falling rapidly after the large initial increase, a 
significant rise in the threshold was observed. 

Fig. 10, as mentioned above, does not show the points obtained in high 
Oi, or with normal Ot and high glucose, in all of which the value for the 
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Fig. 10. The difference between the thresholds in normal air (control) and the ezpeii- 
mental conditions (low Oi or low Oi plus glucose) pbtted against the product of the 
alveolar oxygen tension and the concentration of the blood sugar. The solid 
are results obtained in low Oj in the basal state. The open circles in low 0 » 
but after the ingestion of glucose. 

abscissa is over 7000. These observations show more scatter but in general 
fall fairly dose to (or just a little below) the horizontal base line even when 
the abscissa is over 1200; they do not follow the line on the figure which 
looks as if it would cross the X axis at about 6000. In other words the 
visual threshold is definitdy raised by lowering the product of the Oi tension 
and the blood sugar but it is only lowered slightly and inconstmtly by 
raising this product above the normal level. The experiments in which 
the product was lowered by producing hypoglycemia with insulin while the 
Oi remained approximately normal gave less constant results than 

those in Fig. 10 in which the product was lowered by reducing the ten- 
sion. The reason for this was probably the conaderable changes in the 
blood sugar which took place during the 30 or 40 minutes of me.asuring the 
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thre^olds on the adaptometer. Though we took several blood samples, 
the changing values and the rather less r^ular curves obtained on the 
adaptometer in these experiments increased the uncertainty of the data. 
If put on Fig. 10 all but two of the points would lie above and to the right 
of the line as drawn. It is as if the blood sugar had actually been about 
20 mg. lower than the observed values. Tlie points show far more scatter. 

The dark adaptation curves (plotting threshold against time as shown 
in Figs. 1 and 2) were elevated progressively with diminished O* tension; 
i.e., increased altitude. The curves obtained while breathing low Ot were 
similar in riiape although consistently elevated throughout the cone and 
rod portions. The rate of adaptation was apparently unchanged. These 
experiments were carried out in a chamber where the barometric pressure 
was constant, the air being diluted with nitrogen to simulate the altitudes 
as indicated in Figs. 1 and 2 and Table I. When the oxygen was lowered to 
13.4 per cent (11,500 feet altitude), the average impairment between the 
control and low Ot series at the end of 30 minutes in the dark was 0.26 of 
a log unit; in 11.5 pxer cent Oi (15,400 feet), 0.42 of a log unit, and in 10.1 
per cent Ot (18,500 feet), 0.63 of a log unit. Thus it appears that the im- 
pairment in light sensitivity under reduced oxidation is quite large. In 
Fig. 1, for example, the threshold was raised by a factor 5.8 and in Fig. 2 
(in 10.1 per cent Ot) by 6.0. The changes in these experiments are essen- 
tially the same as those obtained by McFarland and Evans (1939) under 
similar experimental conditions, but with a different apparatus. In 13.7 
per cent Ot (11,000 feet) they observed a decrease in threshold of 0.22, 
and in 11.7 per cent Ot (15,000 feet) of 0.40 of a log unit. Comparable 
results have also been reported by Bunge (1936-37) using a rebreathing 
apparatus, and by McDonald and Adler (1939) with a spirometer. In the 
former study the rise in threshold was over threefold in 8 to 11 per cent Ot 
while in the latter (Hecht adaptometer) both the rod and cone portions of 
the curve were displaced upward by 0.4 of a log unit (i.c. the threshold 
rose by a factor of 2.5) while inhaling Ot tensions of 10.4 per cent. Com- 
parable data were obtained by Fischer and Jongbloed (1935-36) and by 
Clamann (1938) in low pressure chambers indicating that the important 
variable is the diminished partial pressure of Ot in the alveolar iur whether 
it is produced by lowering the total pressure or by nitrogen dilution. 

, In our opinion the effects of anoxia and hypoglycemia on light sensitivity, 
as riiown in Figs. 1 to 7, are exerted on the nervous tissue of the visual 
mechanism and on the connecting pathways from the retina to the cerebral 
cortex rather than on the photochemical substances of the recqxtor cells 
of the retina for the following reasons. First, in subjects with exqieri- 
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mentally induced vitamin A deficiency Hecht and Mandelbaum (1939), 
Wald et al. (1938), and others have shown that there is a greater rise in the 
rod thresholds compared with the cones. A deficiency of vitamin A is 
known to affect the regeneration of visual purple relating to night vision 
and the rods so the latter might be expected to show a greater change. In 
our experiments, the rod and cone portions of the curves were influenced in 
essentially the same way, both in extent and in contour suggesting that the 
effects of vitamin A deficiency and anoxia are dissimilar and that two differ- 
ent processes in the visual mechanism are involved. Additional evidence 
for this was contributed by McDonald and Adler (1939) for they found that 
vitamin A deficiency did not alter the effects caused by anoxia. The rise 
in threshold in anoxia was simply additive and was essentially the same in 
the normal and vitamin A deficient states. Secondly, the rapidity with 
which the thresholds change by lowering or raising the alveolar O* tension 
or the blood sugar suggests that the impairment is on the nervous tissue 
rather than the photochemical processes. Dark adaptation normally takes 
place within 20 to 30 minutes while in our experiments the final rod thresh- 
old could be lowered or raised within 1 to 2 minutes in low Oi (cf. Fig. 1) 
and low blood sugar (cf. Fig. 7) by inhaling oxygen. It is well known that 
if 0% is inhaled during experiments involving induced anoxia the arterial 
oxygen saturation will return to normal within several full inhalations, 
thereby restoring the Oi tension in the nervous tissue almost immediately. 
If the excess O* is taken away, the arterial O 2 tension falls very rapidly and 
in our experiments the threshold returned within 1 to 2 minutes to the 
former level of impairment. These changes in light sensitivity take place 
almost as rapidly in hyperglycemia if excess oxygen is inhaled or if the Of 
is restricted (cf. Fig. 7). Furthermore, Wald et al. (1938) found that at 
least 7 minutes must elapse before the intramuscular injection of large 
amounts of carotene affected visual adaptation in vitamin A deficient sub- 
jects. Thirdly, we observed that even following complete dark adaptation 
in normal air for 40 minutes (during which time the regeneration of visual 
purple should have been complete) the thresholds gradually rose as the 
oxygen was diminished (cf. Fig. 3). The thresholds returned to the normal 
level, however, within 1 to 2 minutes upon the administration of oxygen. 
Fourthly, Elsberg and Spotnitz (1938) have reported that the time required 
for foveal dark adaptation is increased in patients with tumors or other 
lesions in the cerebral hemisphere. Finally, in experiments reported else- 
where (McFarland, 1932, 1937, 1939), we have observed that anoxia im- 
pairs central or cortical functions such as complex reaction times or memory 
at approximately the same altitudes or under comparable conditions of 
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oxygen dq>rivation, suggesting that in both cases the most agnificant effects 
are on the central nervous system. 

The observations relating to the differences in threshold tmder bai^y; 
and non-basal conditions have ngnificant implications in the fidd of psyck 
{diydcs. It is well known that certain psycho-ph 3 rsical laws dealing wift'' 
delicate sensory judgments, as in light sensitivity, tend to break down st 
the extremes of the psycho-physical curve. For example, the relationship 
between sensation and the logarithm of the intensity of the stimulus 
throughout an extendve intermediate range is linear. At the lowest or 
highest values of the stimulus, however, significant departures from linearity 
are known to exist (c/. Boring, 1933). Not only does the variability in- 
crease so greatly that the smaller differences become statistically insignifi- 
cant, but also the basis for absolute judgments becomes distorted. The 
present study illustrates changes in sensitivity at lowest intensities (thresh- 
old measurements). Similar effects have also been demonstrated fu' 
changes at the highest intensities where visual acuity is maximal (Mc- 
Farland and Halperin, 1940). If a variation in blood sugar of 20 to 40 
mg. per 100 cc. of blood (the usual difference between the basal and the 
non-basal sta'^e) gives rise to a A log 7 of 0.31, it would iCppcar that such 
variables might be controlled to advantage (cf. Fig. 9). Since Grellhorn 
(1936) has shown that raising the tension of COj produces a reversible de- 
crease in visual intensity discrimination poor ventilation of the experi- 
mental room might also give rise to equally great changes in delicate 
sensory judgments of light sensitivity. Hecht and Mandelbaum (1939) 
suggest that the day-to-day variation in light sensitivity is 0.3 of a log unit. 
It is possible that the inter-individual variation might be considerably 
reduced by attempting to control such variables as those mentioned above 
both in the internal and external environment. 

It is improbable that the effects we have reported in these experiments 
might be due to some artifact, or uncontrolled condition. One such factor 
to be considered is the size of the pupil. Since it is known that excitement, 
hyperglycemia, or acute anoxia may give rise to dilation of the pupils, 
we carried out a number of tests with an artificial pupil. The effects were 
essentially the same. Bunge (1936-37) whose experiments were carried 
out under even more acute conditions of anoxia than ours, found by actual 
measurement of the pupillary changes that they were of such small magni- 
tude that the curves relating to light sensitivity were not significantly 
influenced. Another posable source of error relates to the insidious effects 
of acute anoxia and the distortion of judgment or insight into one’s own 
conscious states. In these experiments, the judgments were too con- 
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sistent and the response of the subjects too prompt for tliia to be considered 
of significance. In many instances the subjects were unaware of any sub- 
jective 83 rmptoms especially in the low blood sugar series and in the less 
extreme anoxia experiments. Although the variability in the req>onse of 
the subjects tended to increase imder acute anoxia or hypeiglycemia^ the 
general characteristics of the curves remained the same. 

SUMMARY AND CONCLUSIONS 

In this study we have analyzed the effects of variations in the concentra- 
tions of oxygen and of blood sugar on light sensitivity; i.e, dark adaptation. 
The experiments were carried out in an air-conditioned light-proof chamber 
where the concentrations of oxygen could be changed by dilution with 
nitrogen or by inhaling oxygen from a cylinder. The blood sugar was 
lowered by the injection of insulin and raised by the ingestion of glucose. 
The dark adaptation curves were plotted from data secured with an ap- 
paratus built according to specifications outlined by Hecht and Sblaer. 
During each experiment, observations were first made in normal air with the 
subject under basal conditions followed by one, and in most instances two, 
periods under the desired experimental conditions involving either anoxia 
or hyper- or hypoglycemia or variations in both the oxygen tension and 
blood sugar at the same time. 

1. Dark adaptation curves were plotted (threshold against time) in 
normal air and compared with those obtained while inhaling lowered con- 
centrations of oxygen. A decrease in sensitivity was observed with lowered 
oxygen tensions. Both the rod and cone portions of the curves were in- 
fluenced in a similar way. These effects were counteracted by inhaling 
oxygen, the final rod thresholds returning to about the level of the normal 
base line in air or even below it within 2 to 3 minutes. The impairment was 
greatest for those with a poorer tolerance for low O*. Both tiie inter- and 
intra-individual variability in thresholds increased significantly at the 
highest altitude. 

2. In a second series of tests control curves were obtained in normal air. 
Then while each subject remained dark adapted, the concentrations of 
oxygen were gradually decreased. The regeneration of visual purple was 
apparently complete during the 40 minutes of dark adaptation, yet in each 
case the thresholds continued to rise in direct proportion to the degre^e of 
anoxia. The inhalation of oxygen from a cylinder quickly counteracted 
the effects for the thresholds returned to the original control level within 
2 to 3 minutes. 

3. In experiments where the blood sugar was raised by the ingestion of 
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{^uoose in nonnal air, no significant changes in the thresholds were observed 
except when the blood sugar was rapidly falling toward the end of the 
glucose tolerance tests. However, when glucose was ingested at the end 
of an e:q>eriment in low oxygen, while the subject remained dark adapted, 
the effects of the anoxia were largely counteracted within 6 to 8 minutes. 

4. The influence of low blood sugar on light sensitivity was then studied 
by injecting insulin. The thresholds were raised as soon as the effects of 
the insulin produced a fall in the blood sugar. When the subjects inhaled 
oxygen the thre^olds were lowered. Then when the oxygen was with- 
drawn so that the subject was breathing normal air, the thresholds ros^ 
again within 1 to 2 minutes. Finally, if the blood sugar was raised by 
ingesting glucose, the average threshold fell to the original control level or 
even below it. 

5. The combined effects of low oxygen and low blood sugar on light 
sensitivity were studied in one subject (W. F.). These effects appeared 
to be greater than when a similar degree of anoxia or hypoglycemia was 
brought about separately. 

6. In a series of experiments on ten subjects the dark adaptation curves 
were obtained both in the basal state and after a normal breakfast. In 
nine of the ten subjects, the food increased the sensitivity of the subjects 
to light. 

7. The e:q)eriments reported above lend support to the hypothesis that 
both anoxia and hypoglycemia produce their effects on light sensitivity in 
essentially the same way; namely, by slowing the oxidative processes. 
Consequently the effects of anoxia may be ameliorated by giving glucose 
and the effects of hypoglycemia by inhaling oxygen. In our opinion, the 
changes may be attributed directly to the effects on the nervous tissue of 
the visual mechanism and the brain rather than on the photochemical 
processes of the retina. 
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INTRODUCTION 

A number of reports showing that quinonoid compounds can act as 
carriers in the oxidation of ascorbic acid by oxygen have been reviewed by 
King (1,2). Since phenol oxidases bring about the production of quinones, 
the association of ascorbic acid oxidation with these oxidases seems well 
established. A study of such an oxidation in conjunction with the tyra- 
mine-tyrosinase and tyrosine-tyrosinase reactions should be of especial 
significance in view of the fact that an inactive tyrosinase (protyrosinase) 
can be obtained from the egg of the grasshopper, Melanoplus different 
tialis (3). 


EXPERIMENTAL 

Preparation of Protyrosinase, — ^The procedure for extracting protyrosinase from the 
grasshopper egg has been described (3). A number of eggs in the diapause stage were 
ground up and centrifuged in a 0.9 per cent NaCl solution. The fatty layer, which 
contains an activator of protyrosinase, was removed and the supernatant fluid decanted 
into a graduated cylinder. To this portion a Vi volume of m/15 KH^POi solution was 
added. After standing for several hours at 0®C. this fluid was centrifuged. The clear 
supernatant liquid, designated Bi was removed and diluted with a >^olume of m/15 
NaaHPOi solution equal to the amount of KH1PO4 solution previously added. The 
Bi was next dialyzed at 0®C. against a 0.9 per cent NaCl solution by placing 40.0 ml. 
of Bi in a cellophane tube and suspending the tube in 10 to 12 volumes of the saline 
solution. The latter solution was renewed at the end of each 24 hours. After 3 days 
the contents of the cellophane tube (volume - 40.7 ml.) were removed and stored at 0®C. 

Composition {and Volume) of Reaction Solutions.— The center wells of Warburg 
manometer vessels contained 0.1 ml. of a 10 per cent KOH solution and a small roll of 
filter paper. The reaction fluid volume was 3.0 ml. The side bulbs contained 0.5 ml. 
of the Bi preparations. 2 ml. of Sorensen's m/15 phosphate buffer solution of a pH 
- 6.2 were placed in the reaction chamber. In the case of tyrosine this 2.0 ml. portion 

♦ Aided by a grant from The Rockefeller Foundation for work on the physiology of 
the normal cell. 
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contained a known amount of tyiodne (Cdeman and Bdl). The compontion of the 
remaining 0.5 mL of aqueous solution was varied as to the amount of tyiamine hydro- 
chloride (Eastman), the presence of ascorbic add (Eastman), and an excess of sodium 
oleate (Merck) or the commercial detergent. Aerosol (American Cyanamid).^ 

RESULTS AND DISCUSSION 

The existence of an inactive t 3 rrosinase, which upon the addition of an 
excess of various activators changes into a tyrosinase, has already been 
considered (4). It has become simpler to refer to the inactive form as 
protyrosinase and to the active form as tyrosinase. Throughout this dis- 
cussion, the behavior of protyrosinase (without activation by sodium 
oleate or Aerosol) is contrasted to that of tyrosinase (with this activation). 

In the presence of undialyzed tyrosinase, tyramine is 0.93 oxidized to 
melanin in 160 minutes (tyramine, t)rrosina.se; Fig. 1). A very distinct 
red color appears within 30 seconds after the commencement of the latter 
reaction. This color, due to an indole quinone, indicates that the fifth 
intermediaiy product of the oxidation of tyramine to melanin is accumulat- 
ing (5). The uppermost curve (tyramine, ascorbic acid, and tyrosinase) 
shows an initial rapid uptake of oxygen succeeded by completion of the 
oxidation of tyramine to melanin. During the first 115 c.mm. oxygen 
uptake, although the oridation of tyramine to melanin has started, the time 
of appearance of the indole quinone red color is delayed for some 8 minutes 
until the ascorbic acid is oxidized to dehydroascorbic acid. Therefore, 
the apparent inhibition of tyrosinase, if one views the rate of color forma- 
tion as a measure of enzyme activity, is probably concerned not with a 
primary effect upon the enzyme but rather with an alteration in the velocity 
of formation of intermediary products (6). Judging from both the lack of 
a red color during these first 8 minutes and from the rapidity of oxygen 
uptake it seems that the oxidation of ascorbic acid involves the reduction 
of the quinone of 3:4 dihydroxyphenylethylamine, the third intermediary 
product in the oxidation of t 3 n’amine to melanin (5). In contrast to these 
two s 3 rstems the following experiments, also with undialyzed extracts 
resulted in no observable oxygen uptake: protyrosinase alone; tyrosinase 
alone; protyrosinase and ascorbic acid; prot 3 rrosinase and t}U’amine; 
protyrosinase, ascorbic add, and tyramine (Fig. 1). 

The result of dialyzing a Bi preparation against the sodium chloride 
sfilution is graphically illustrated in Figs. 1 and 2. There is no significant 
change in the velodty of oxidation of 2.3 X 10~* mM of tyramine in the 
presence of tyrosinase. Neither does dialysis affect the velodty of oxygen 

^ The authors wish to express their appreciation to the American Cyanamid Company 
for supplying the Aerosol used in these eiqwriments. 
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uptake by this amount of tyra< 
mine and 0.01 mu of ascorbic 
acid (equivalent to 112 c.mm. 
of oxygen) in the presence of 
tyrosinase. It was also foimd 
that no measiirable oxygen up- 
take occurred in the following 
experiments on dialyzed ma- 
terial; protyrosinase; tyrosin- 
ase ; protyrosinase and tyra- 
mine; protyrosinase and ascor- 
bic add; protyrosinase, ascorbic 
add, and tyramine. However, 
there is a marked difference in 
the effect of an undialyzed and 
a dialyzed tyrosinase upon the 
oxidation of ascorbic acid (Fig. 
1). This particular oxidation 
of ascorbic acid in the presence 
of an undialyzed extract is 
probably due to a coupled reac- 
tion with some oddation prod- 
uct of a naturally occurring 
substrate. After this substrate 
has diffused away, the protyro- 
sinase can be activated and the 
resulting failure to oxidize as- 
corbic add indicates the absence 
of a substance which can act as 
a carrier between oxygen and 
ascorbic acid (7). Since the 
oxygen uptake of dialyzed tyro- 
sinase solutions is not percep- 
tible, it seems that only a mi- 
nute amount of the natural 
substrate is needed for the oxi- 
dation of ascorbic add. This is 
borne out in experiments on dia- 
lyzed tyrosinase preparations in 
which less than 2.3 X 10^ 
muif of tyramine still furnishes 



Fig. 1. The effect of dialyzed and undialyzed 
tyrosinase and protyrosinase preparations upon 
the oxidation of ascorbic acid. 0.01 mu ascorbic 
acid; concentration of activator, 0.07 per cent 
sodium oleate; pH - 6.1; T. - 2S.0“C. 



Fig. 2. The effect of dialyzed tyrosinase upon 
the oxidation of ascorbic acid in the presence of 
various amounts of tyiamine. 0.01 nuc ascorbic 
acid; activator, 0.07 per cent sodium oleate; 
pH - 6.0; T. - 2S.0'C 
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enou{^ quinone to catalyze the oxidation of 0.01 mil of ascorbic add to 
deh 3 rdroascorbic add (Fig. 2). Obviously the tyramine-tyrosinase reaction 
with smaller amoimts of tyramine oxidizes ascorbic add at slower rates 
(Fig. 2). 

Lest it be thought that this dialyzable substance be a copper compound 
which is activated into directly catalyzing the oxidation of ascorbic add, 
the following observations should be added. Although the copper-pro- 
teinate eipeiiment of Stotz, Harrer, and King (8) could be duplicated, the 
addition of sodium oleate did not increase the activity of copper with 
respect to ascorbic add oxidation in the presence of various amounts of 
egg albumin. If grasshopper egg tyrosinase is also a copper-proteinate 

(9-12), one might then condude 
that this oxidase has different 
properties from ascorbic add 
“oxidase.” Such a condusion 
seems to be in logical agree- 
ment with the distinctions which 
McCarthy, Green, and King (13) 
found to exist between ascorbic 
add oxidases and catechol oxi- 
dase. 

Since the oxidation of small 
amounts of substrate can be ex- 
pressed in terms of the readily 
observed coupled reaction with 
ascorbic add, it is possible to 
use a solution of tyrosine as a 
substrate. The solubility of tyrosine limits the amount which can be added 
as a solution, but with concentrations of tyrosine from 4.6 X 10~* to 1.15 X 
10~* mM (equivalent to 25.8 and 0.7 c.mm. oxygen) there is a coupled oxi- 
dation of ascorbic add (Fig. 3). It was also observed that this reaction 
with tyrosine and ascorbic add did not occur unless an excess of Aerosol 
or sodium oleate was present to function as an activator of the prot 3 n'o- 
sinase. Neither was there an oxidation of tyrosine in the presence of proty- 
rosinase. Hence, imder these conditions, with tyrosine as with t 3 n‘amine, 
for A substrate there is still the distinction as to protyrosinase and tyrosinase. 

SinOCARY AND CONCLUSIONS 

1. Protyrodnase from the egg of the grasshopper, Melanophts dijffera^ 
Halts, can be activated by excess sodium oleate or Aerosol. 



Fig. 3. The oxidation of ascorbic acid in the 
presence of various amounts of tyrosine and 
dialyzed tyrosinase. 0.01 mu ascorbic acid; 
activator, 0.017 per cent Aerosol; pH - 6.1; 
T. - 25.0*C. 
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2. The 3:4 quinone products of the reaction of activated prot 5 rrosinase 
with tyramine or tyrosine will oxidize ascorbic acid to dehydroascorbic add. 

3. The velocity of this latter oxidation of ascorbic acid increases with 
the amount of tyramine or tyrosine. 

4. The oxidation of ascorbic acid by the tsrramine-tyrosinase reaction 
delays the time of appearance of a red color associated with an indole 
quinone intermediary product in the formation of melanin. 

5. Protyrosinase, in itself, and in the presence of tyrosinase substrates 
does not bring about the oxidation of ascorbic acid. 

6. A naturally occurring substrate in a preparation of protyrosinase, 
sufficient to cause the oxidation of ascorbic acid, can be removed by dialysis 
against a 0.9 per cent sodium chloride solution. 

7. Dialysis against such a solution does not change the properties of 
protyrosinase; the inactive enzyme must still be activated before it will 
catalyze the oxidation of t)n:amine or tyrosine. 

8. When the natural substrate, tyrosine, or tyramine is absent, activa- 
tion of prot 3 rrosinase does not result in the oxidation of ascorbic acid. 
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HISTORICAL 

It has long been known that the stimulation of one sense organ influences in some 
degree the sensitivity of the organs of another sense. But whether the influence is 
exerted upon the receptors or upon their central areas in the cortex has not been with 
certainty determined. This behavior of the nervous system may readily be inferred 
from its synaptical arrangement and intemunciatory constitution whereby all parts are 
susceptible of communication with each other. These ideas have thus been summarized 
by Sherrington (12) : *^A11 parts of the nervous system are connected together and no 
part of it is probably ever capable of reaction without affecting and being affected by 
various other parts, and it is a system certainly never absolutely at rest.” 

The two senses which seem to be best adapted for the purpose of measurement are 
those of hearing and vision. As long ago as 1888, Urbantschitsch (13) observed that 
sounds of different tones may act differently upon the sensitivity of the visual apparatus 
for various colors, but no definite quantitative relation between sound and color was 
detected by him. In later investigations Lazarev (11) concluded that the visual sensi- 
bility of the retinal periphery, that is of rod vision, increased under the influence of 
acoustical stimulation of the ear. Yakovlev (15) found that stimulation of the ear by 
sound conspicuously enlarged the area of the field of cone vision especially for green light. 
Kravkov (8) observed that under the influence of sound the critical frequency of flicker 
of white light increases for central or cone vision, and diminishes for peripheral or rod 
vision. 

In a recent investigation Yakovlev (16) has studied in much detail the influence of 
acoustic stimulation, both by musical tones of frequency 780 cycles per second and noises 
of 75 decibels in loudness, upon the limits of the areas of the retinal fields for extreme 
red, orange-red, green, and blue colors. The colors were not spectral but were obtained 
from Wratten color filters. The maximum transmissions of the filters were at 700 m/i, 
680 m/A, 540 m/x, and 440 m/i respectively. Two observers were employed and from 
their measurements the following results were obtained. Under the influence of both 
tones and noises the color field for extreme red was unaltered, that for orange-red was 
diminished, and those for green and blue enlarged in area. Noise was more effective as a 
stimulus miiRirfl.! tones, possibly because of its greater intensity, and under its 
influence the color fields were diminished and enlarged to the greatest extent. 

In a more detailed research Kravkov (9) has investigated the influence of acoustic 
stimulation of the ear upon the light, or rod, and the color, or cone, sensibility of the 
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visual apparatus. The experiments were performed with the right eye when both eyes 
were in darkness adaptation. An observer viewed in a spectrometer a small patch 
of some spectral color which was gradually diminished in intensity by means of an 
absorbing wedge of neutral tinted glass placed between the slit and the source of light. 
As the visual field gradually became darker, the observer first indicated the moment 
when color disappeared, and, second, when light vanished. The light and color thresh- 
olds or sensibilities were measured by the reciprocab of the thickness of the part of the 
wedge m front of the slit at the two positions. The experiments were continued for 1.5 
hours, and during this period visual measurements were taken at intervals of f^om 8 to 
13 minutes. After 40 minutes of darkness adaptation a condition of steady visual 
sensibility was assumed to have been attained, and then an acoustic stimulus, consisting 
of a musical tone of 2100 cycles per second and 100 decibels in intensity, from a generator 
of low frequency, was conveyed to both ears of the observer by a telephone recoi^vc for a 
period of 10 minutes. While the sound was maintained the visual measuremc»its were 
repeated. At the end of this period the sound was stopped and the measuremenU were 
continued as at first. It was found by three observers of normal vision that light y[rod) 
sensibility, contrary to Lazarevb finding, was greatly diminished under the influence of 
sound. For the colors green and orange-red opposite results were obtained. The 
sensibility for green (528 m/z) was raised and that for orange-red (610 m/x) was lowered. 

The wave-length 560 m/x divides the two effects. For orange-red colors greater than 
this wave-length the sensibility of the visual apparatus was diminished. For green and 
blue colors shorter than this intermediate wave-length the sensibility was increased. 
The ends of the spectrum beyond the wave-lengths 460 m/x and 620 m/x were not observed. 

The contradiction between Lazarev’s and Kravkov’s findings for light, or rod, sensi- 
bility may be due to the fact that the observations of the former were made upon the 
retinal periphery and those of the latter upon the macula. If both sets of observations 
are correct it follows that the macular and peripheral rods respond in opposite ways to 
threshold intensities of stimulation. 

The Present Investigations 

In the present investigations the writers have confirmed the work of 
Kravkov on the influence of hearing upon color vision, and in addition they 
have studied the effect of stimulation of the senses of taste and smell upon 
the perception of colors. They have also extended the observations to 
include the oscillation of sensitivity of the sensations of vision which 
results from stimulation of the senses of vision, hearing, taste, and smell. 

For convenience of investigation the critical frequency of flicker of the 
colors of the spectrum was observed before and after the stimulation of the 
other senses. By comparing the measurements obtained under both 
cgnditions, the influence of the other senses upon vision was determined. 

The method of experimentation was as follows: A spectrum was obtained from an 
incandescent lamp of 75 watts which was kept at a steady brightness by a fine rheostat 
with a voltmeter placed across the terminals of the lamp to insure a constant potential 
difference. A Hilger spectrometer with the equivalent of three (iff* prisms gave a 
spectrum of wide dispersion, a small portion of which of any desired wave-length was 
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isolftted in the eyepiece by Adjustable shutters. Between the lamp and the slit a sectored 
disk was rotated by an dectric motor whose speed was controlled by a leather brake 
resting upon the axle. To the rear end of the axle was attached a speed-counter which 
made electric contact every fiftieth rotation of the armature and disk, and the moment of 
^ntact was recorded on a strip of paper on a chronograph simultaneously with 
indications from a dock beating half-seconds. By measuring these two records, the 
time of rotation of the disk, and hence the duration of a flash of color upon the retina at 
its critical frequency of flicker was accurately determined. In malcing a normal graph 
of the spectrum for purposes of comparison with those obtained after stimulation of the 
other sense organs, the eyes were kept adapted to ordinary daylight illumination of the 
room between the hours of 10 a.m. and 3 p.m. A selected patch of the spectrum whose 
wave-length was obtained from the calibration curve was viewed in the eyepiece, the 
disk was rapidly increased in rotation until the critical frequency of flicker was reached, 
and while this speed was maintained steady by the brake, the record was made upon the 
chronograph. The sense of hearing, taste or smell, or vision itself, was then adequately 
stimulated for 2 minutes and the measurements of the critical frequency were repeated 
immediately or after various intervals of time. This procedure was repeated for colors 
throughout the spectrum. The graphs for the normal and induced states of vision were 
then drawn together, as shown in the figures, and from their differences the effect of 
stimulation of any sense organ upon vision was determined. Since the physical bright- 
ness of the spectrum remained unchanged, the differences between the two graphs 
reveal the physiological changes in brightness, whether increased or diminbhed, and 
hence the alterations in responsiveness or sensitivity of the visual sensations, which 
stimulation of another sense had induced. 

The Effect of Stimtdation of the Retina upon Color Vision 

In making the measurements the normal curve for the critical frequency 
of flicker was first obtained for the right eye when both eyes were in daylight 
adaptation. The measurements were then repeated throughout the 
spectrum with the right eye in constant adaptation for red or yellow light 
of wave-lengths 687 m/x and 589 m/x. This condition was maintained 
by stimulating the retina with the red color from a second spectrometer 
for 2 minutes before each observation of the critical frequency of flicker 
was taken. Two sets of measurements were made; one, when no rest 
interval was taken, and, second, when a rest interval of 3 minutes was 
allowed between the termination of stimulation of the retina and the read- 
ing of the critical frequency of flicker. In all other respects the conditions 
of experiment were alike. 

The measurements are given in Table I, and those for the normal ^d 
for stimulation by yellow light with no rest interval are shown in graphical 
form in Fig. 1. The normal is the broken line. The horizontal scale 
represents wave-lengths and the ordinates are the values of the duration 
of a flash of Hght upon the retina at the critical frequency of flicker, or 
the equal interval of time during which no Ught is seen. The persistence 
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of vision carries the impression of one flash of color over the dark interval 
with no appearance of interruption. 

The differences between the two graphs are also shown more clearly in 
the lower part of Fig. 1. The normal graph is represented by the straight 
broken horizontal line, and the differences between the two sets of measure- 
ments by the continuous line. It is known that the brighter the light the 
shorter is the duration of stimulation at the critical frequency of flicker. 
The elevation of the continuous line above the normal, therefore, indicates 
that the corresponding colors are perceived with diminished brightness, and 
its depression below the normal shows that the corresponding colors appear 
enhanced in brightness. 


TABLE I 


Wave- 

l^th 

Nonnal 

Stimulation with 

X 589 mil. 

Rmt period « 0 

Stimulation with 

X 589 mil. 

Rett period 3 min. 

Stimulation with 

X 687 mu . 

Rett period >■ 0 

Stimulation with 

X 687 m/i. 

Rest period -■ 3 min. 

mil 

stc. 

stc. 

dijff. 

sec. 


sec. 

dil. 

sec. 

dif. 

720 

0.0138 

0.0143 

+5 



0.0143 

+5 

0.0134 

-4 

700 

0.0125 

0.0129 

4 



0.0130 

5 

0.0122 

-3 

680 

0.0116 

0.0119 

3 

EEBl 


0.0118 

2 

0.0114 

-2 

660 

0.0112 

0.0112 

0 

0.0109 


0.0112 

0 

0.0112 

0 

640 

0.0109 

0.0109 

0 

0.0108 

-1 

0.0107 

-2 

0.0112 

+3 

620 

0.0107 

0.0111 

4 

0.0105 


0.0103 

-4 

0.0110 

3 

590 

0.0106 

0.0112 

6 

0.0102 


0.0101 

-5 

0.0112 

6 

550 

0.0114 

0.0117 

3 

0.0106 

-8 

0.0111 

-3 

0.0117 

3 

530 

0.0119 

0.0122 

3 

0.0113 

-6 

0.0116 

-3 

0.0120 

1 

500 

0.0134 

0.0132 

-2 

0.0136 

+2 

0.0132 

-2 

0.0137 

3 


0.0156 

0.0151 

-5 

0.0160 

4 

0.0153 

-3 

0.01S9 

3 

465 

0.0175 

0.0169 

-6 

0.0180 

5 






The graphs for stimulation by red light of wave-length 687 mju, with no 
rest interval and with a rest period of 3 minutes are shown in Fig. 2 A and 
2 B. There is revealed in the latter a complete reversal of the effects of 
stimulation shown in the former. For the latter graph indicates that the 
red color is now increased in brightness and the green and violet colors 
diminished. In other words, the immediate influence of stimulation^by 
red light is to depress the red and enhance the green and violet sensations; 
while during a rest period of 3 minutes the neural reactions have completely 
reversed the responriveness of the sensory apparatus, so that the red 
sensation becomes enhanced and the green and violet sensations are de- 
pressed in sensitivity. 

After stimulation by yellow spectral light of wave-length S89 m/i, 
rimilar measurements were made with no rest interval and after one of 3 










JNormal 


Wave-length 

Fig. 1. Effect of stimulation of the retina 
with yellow light, wave-length 589 m/i, for 2 
minutes. No rest interval. The normal graph 
for the unstimulated retina is the broken line. 
The lower graph represents differences between 
the two graphs above. 


m/z 450 500 550 

Wave-length 

Fig. 2. Effects of no rest interval and of on< 
of 3 minutes after stimulation with red (687 mii] 
and yellow light (589 m/i).‘^The effect of rest 
is to reverse the immediate effect of stimula- 
tion. The broken line is the normal. 




IlSWiii 


Wave-length 


Fig. 4. Oscillation of visual sensitivity after 
stimulation of the ear by sound. Abscissae are 


Fig. 3. Visual effect of stimulating the ear rest periods. Ordinates are differences between 
with tones of ISO cycles per second, after vari- normal values of the critical frequency of flicker 
ous rest periods from 0 to 7 minutes. The and the values after various periods of test. 


broken line is the normal. 


The lines at zero represent normal values. 
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minutes duration. The data are also given in Table I. The former are 
shown in Fig. 1 as just described, and they are both shown in the two lower 
graphs, C and D, in Fig. 2. As the yellow sensation is compounded of 
the red and green sensations, the graph for no rest interval shows that these 
sensations have been diminished in sensitivity and the violet has been 
enhanced by direct stimulation. When rest intervals of 3 minutes were 
taken after stimulation before readings of the critical frequency of flicker 
were made, the sensitivities of the sensations were reversed. These re- 
versals occurred through the influence of internal reactions alone. 

These observations, as far as the immediate effects obtained with no 
rest intervals are concerned, confirm the findings of Allen (1) in former 
investigations. 

The Visual Effect of Stimulation of the Sense of Hearing 

The influence of stimulation of the sense of hearing upon vision, with 
which this investigation started, will now be described. For the purpose 
of stimulation of the ear a Stern Tonvariator was used. This is a Koenig 
resonator with the bottom like a piston which can be moved inwards to 
produce a pure tone of any frequency within one octave. The tone, which 
is generated by blowing a stream of air obliquely across the orifice at the 
top of the tonvariator, is very pure and free from overtones. In the 
present investigation two instruments were used, one giving a tone of 150 
and the other 1200 cycles per second. Two intensities were used, one given 
by air pressure of 2 cm. of water and the other by 2 mm. of water. The 
right ear was held very dose to the orifice where the sound was generated, 
and thus a tone of fairly high intensity was directed into it. The tone 
given by the lower pressure was very weak. The left ear of the observer 
was protected from sound by a tuft of cotton wool inserted in the passage, 
though this precaution, under the conditions of stimulation, was found to 
be imnecessary. 

In making observations the procedure was invariable. The normal 
curve for the critical frequency of flicker was first obtained by the right 
eye when the eyes and ears were in normal unstimulated condition, or, 
more accurately, when both organs were adapted to the daylight and soimds 
of an ordinarily quiet room. The right ear was then stimulated by the 
sound for 2 minutes and the readings of the critical frequency of flicker 
immediately taken. After readjustment of the instruments the aural 
stimulation was renewed, followed again by the visual measurements. 
This (urocedure was repeated until observations were nuide over the spec- 
trum. The tonvariator was placed near the flicker apparatus so that the 
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observer could turn immediately from one to the other. Sets of measure- 
ments were made with no rest interval, and with rest intervals of 1.5, 3, 5, 
and 7 minutes between the termination of aural stimulation and the visual 
observation. The data are given in Table II and are shown graphically 
in Fig. 3. As before, the broken horizontal lines represent the normal 
cmves, and the continuous lines those for the critical frequency of flicker 
after aural stimulation. Again, elevations and depressions of the con- 
tinuous lines indicate respectively diminished and enhanced conditions 

TABLE n 

Visual Effect of Stimulation of the Sense of Hearing. Stimulation of Right Ear 


Wave- Mormel Re»‘ P*fIod ■ 

length 


sec. 

0.0194 

0.0170 

0.0150 

0.0132 

0.0121 

0.0116 

0.0112 

0.0106 

0.0112 

0.0118 

0.0131 

0.0148 

0.0165 

0.0187 

0.0216 


sec. diff. 

0.0179 +9 

0.0158 8 

0.0129 +8 

0.0122 +6 
0.0116 -t-4 

0.0109 -4-3 

0.0106 -6 
0.0112 -6 
0.0132 -t-1 

0.01S4 -1-6 

0.0178 +13 
0.0204 +17 
0.0240 +24 


0.0169 

0.0148 

0.0130 

0.0123 


0.0107 

0.0113 

0.0117 

0.0131 


0.0159 -11 
0.0138 -12 
I 0.0125 -7 

0.0118 -3 


0.0108 +2 
0.0119 +7 

0.0124 +6 

0.0132 +1 

0.0153 +5 

0.0173 +8 

0.0201 +14 


Rest period i* 

5 min. 

sec. 

diff. 

0.0149 

-1 

0.0133 

+1 

0.0113 

+1 

0.0119 

+1 

0.0167 

+2 


MC. 

0.0158 -12 
0.0141 -9 

0.0127 -5 


0.0143 +12 
0.0166 +18 
0.0179 +14 


In aU cases frequency - 150 vibrations or cycles per sec. 

Tonvariator pressure « 2 cm. of water. 

Stimulation period =- 2 min. 

of the brightness of the corresponding colors, which are due to similar 
changes in the responsiveness of the fundamental color ^nsaUons. 

The graph in Fig. 3 A, for no rest interval, indicates that the 
of the Sectrum appears of lowered intensity, the green of enhanced, and 
lowers intensity. This result confirms the experiments of 
Sa^f ^th aural stimulation of 100 decibels in louto, for ^ and 
/ «. Wp did not carry his measurements into the blue and violet 

1-5 

regions. critical frequency of flicker are almost of 

of of tho option 

X. . fofo... of 3 o^ufo. 
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the graph (Fig. 3 C) reveals that a complete reversal of sensitivity of the 
red and green sensations has occurred, the red color now appearing brighter 
and the green dimmer than normal. With aural stimulation, the blue and 

TABLE m 


Visual Effed of SHtutdation of the Sense of Hearing 


Wave-lflOftli 

Nonnil 

Stbnaliit frequenqr ■* 
150 qrclcs per sec. 
Pressure i- 2 cm. 
Utlitesr 

Stimulus frequency ■* 
150 cycles per sec. 
Pressure -> 2 mm. 
Right ear 

Stimulus frequency ■■ 

150 cycles per sec. 
Preuure ■■ 2 cm. 

Left ear. 

mth 

Me. 

SM. 

ajf- 

ste. 

diff . 

ste. 


740 

0.0194 



0.0197 

+3 



720 

0.0170 

ESSI 

+9 

0.0163 

-7 

0.0166 

-4 


0.0150 


+8 

0.0138 

-12 

0.0145 

-5 

680 

0.0132 

— 


0.0127 

-5 

0.0126 

-6 

660 

0.0121 

0.0129 

+8 

0.0121 

0 



640 

0.0116 


+6 

0.0118 

+2 



620 

0.0112 


+4 

0.0115 

+3 



590 

0.0106 

0.0109 

+3 

0.0111 

+5 



550 

0.0112 

0.0106 

-6 

0.0115 

+3 

0.0106 

-6 

530 

0.0118 

0.0112 

-6 

0.0119 

+ 1 

0.0113 

-5 

500 

0.0131 

0.0132 

+1 

0.0132 

+ 1 



480 

0.0148 

0.0154 

+6 

0.0150 

+2 



465 

0.0165 

0.0178 

+13 

0.0163 

-2 



450 

0.0187 

BKI 

+17 

0.0184 

-3 



435 

0.0216 

m 

+24 





Wftv«*length 

Nomul 

Stimulus frequency 

1200 cycles per sec. 
Pressure i* 2 cm. 
Right etr 

Stimulus frequency « 
1200 cycles per sec. 
Pressure •• 2 mm. 
Right ear 




ste. 

dif . 

IM. 

diff . 



740 

0.0181 

0.0202 

+21 





720 

0.0166 







700 

0.0144 

0.0155 

+11 






0.0134 







660 

0.0125 

0.0131 

+6 

0.0128 

+3 



640 

0.0122 







620 

0.0114 

0.0119 

+s 

0.0119 

+5 



590 

0.0109 

0.0113 

+4 





550 

0.0118 

0.0112 

-6 

0.0112 

-6 



530 

0.0125 

0.0117 

-8 

0.0116 

-9 




0.0144 

0.0135 

-9 





480 

0.0163 

0.0165 

+2 

0.0159 

-4 



465 



0.0184 

0.0187 

+3 






violet colors experience no reversal in brightness. After a rest interval 
of 5 minutes, the brightness of the spectrum, as shown by Fig. 3 D, appears 
of normal value. When the rest interval was increased to 7 minutes 
(Fig. 3 E) the curve indicates much the same changes in color intensities as 
shown in Fig. 3 C for 3 minutes of rest. 
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Wave-length 

Fig. 5. Visual effects of aural stimulation 
by tones of different frequencies and inten- 
sities. Graph E is contralateral effect of aural 
stimulation. The broken lines are the normals. 



Fig. 6. Visual effect of olfactory stimula- 
tion with various substances, after no rest 
periods and after 45 minutes of rest. The last 

shows reversal of effect. The broken Unes are 


Fig. 7. Visual effect of gustetory stimulation 
with solution of quinine sulfate, after no rrst 
period and after 3 minutes. Reversal of effect 
is shown. Broken lines are normals. 


the normals. 


Thu, by mtemal 
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in Fig. 3, the oscillatory effect is more strikingly displayed. This has been 
done in Fig. 4 for the wave-lengths 700 m/i, and 550 m/i. It will be noticed 
that the oscillations of sensitivity of the red and green sensations are 
opposite in phase. 

In order to study the influence of aural stimulation of different intensi- 
ties, a graph was obtained after stimulation by a weak tone of 150 cycles 
per second, produced by a low pressure of only 2 mm. of water. The data 
are given in Table III, and are plotted in Fig. 5 B in contrast with Fig. 5 A 
which is a repetition of Fig. 3 A for 150 cycles per second and a pressure of 
2 cm. It will be seen that aural stimulation by the weaker tone has evoked 
a reversal of the visual effect caused by the louder tone of the same fre- 
quency, including, in this case, the violet end of the spectrum. 

With aural stimulation by a high-pitched tone of 1200 cycles per second 
of strong and weak intensities given by air pressures of 2 cm. and 2 mm. 
of water respectively, the visual effects were those shown in Fig. 5 C and 
5 D. These graphs are plotted from the measurements in Table III. 
They both show depression of sensitivity of the red and probably of the 
violet sensations, but enhancement of the green. There is no evidence of 
reversal of visual sensitivity under the influence of the weaker tone. It is 
possible that for the higher and more piercing tones, a still lower intensity 
than that obtained with a pressure of 2 mm. of water is required to evoke 
reversals of visual sensitivities, or else with stimulation by very high tones 
only depression of sensitivity occurs. 

A few readings were obtained to show the contralateral influence of 
aural stimulation of the left ear upon the right eye. The measurements are 
given in Table III, and shown graphically in Fig. 5 E. All colors in the 
range observed from 530 mju to 720 m/i are seen to be enhanced in brightness. 

The Visual Effect of Stimulation of the Sense of SmeU 

In order to study the influence of stimulation of the sense of smell upon 
color vision, a volatile odorous material was placed in a bottle through 
the rubber stopper of which two glass tubes were passed. One of them 
dipped below Ae surface of the liquid. A current of air was then gently 
blown through it which conveyed a steady stream of odorous material 
through the second tube to the right nostril. The sense of smell was then 
stimulated by the odor for 2 minutes and readings of the critical frequency 
of flicker taken immediately afterwards with no rest interval. Three 
substances were used, oil of African geranium, oil of cassia, and an alcoholic 
solution of vanillin, all of which gave the same result. The measurements 
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are given in Table IV and are plotted in Fig. 6, A, B, and C, respectively. 
With the odor of oil of geranium as the stimulating substance, the red and 
violet sensations, as shown in Fig. 6 A, were depressed in sensitivity and 
the green enhanced. With the other two substances the measurements 
gave similar results except that they were not extended into the blue-violet 
region of the spectrum. 


TABLE IV 


Visual Effect of Stimulation of the Sense of Smell 


Wave-length 

Normal 

Stimulation with oil 
of geranium. 

Rest interval « 0 

Stimulation with oil 
of cassia. 

Rest interval «■ 0 

Stimulation with vanillin. 
Rest interval ■■ 0 

Mfl 

sec. 

sec. 

ii£. 

su. 

dijff. 

ISC. 

dijf. 

680 

0.0134 

0.0140 

+6 


+2 


+4 

660 

0.0125 

0.0134 

+9 

HR' 

+5 


+7 

640 

0.0119 

0.0127 

+8 

■w' 

+9 

0.0126 

+7 

620 

0.0114 

0.0119 

+5 

0.0119 

+5 

0.0118 

+4 

590 

0.0111 

0.0114 

+3 

0.0114 

+3 

0.0114 

+3 

550 

0.0117 

0.0112 

-5 

0.0112 

.-5 

0.0112 

-5 

530 

0.0125 

0,0119 

-6 

0.0119 

-6 

0.0117 

-8 

500 

0.0148 

0.0150 

+2 

0.0150 

+2 



480 

0.0169 

0.0175 

+6 





465 

0.0185 

0.0194 

+9 





Wave-length 

Normal 

Stimulation with oil 
of cassia. 

Rest interval * 45 min. 

Wave-length 

Normal 

Stimulation with oil 
of cassia. 

Rest interval 45 min. 

mu 

sec. 

sec. 

diff. 

miA 

sec. 

sec. 

diff. 

720 

0.0138 

0.0131 

-7 

590 

0.0091 

0.0095 

+4 

700 

0.0125 

0.0117 

-8 

550 

0.0097 

0.0102 

+5 

680 

0.0113 

0.0106 

-7 

530 

0.0102 

0.0104 

+2 

660 

0.0106 

0.0102 

-4 

500 

0.0117 

0.0114 

-3 

640 

0.0100 

0.0099 

-1 

480 

0.0130 

0.0125 

-5 

620 

0.0094 

0.0097 

+3 






A number of attempts were made, but without success, to discover 
whether, with various short rest periods up to IS minutes, any reversal 
of color sensitivities occurred as a result of ipsilateral olfactory stimulation. 
Since in many ways the sense of smell is rather sluggish, it was decided to 
allow a rest interval of from 40 to SO minutes after stimulation with the 
odor of oil of cassia before measurements of the critical frequency of flicker 
were made. The result showed (Fig. 6D) that in the prolonged rest 
interval a decided reversal of sensitivity of all three color sensations oc- 
curred. As the graph indicates, the red and violet sensations are enhanced 
and the green depressed in sensitivity. 
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The Visudt Effect of Stimulation of the Sense of Taste 

Two sets of measurements after stimulation of the sense of taste were 
made, in both of which the stimulating substance was an aqueous solution 
of sulfate of quinine. This substance was chosen so that the bitter sensa- 
tion, which is much the most sensitive of the four taste sensations, would 
be stimulated. A piece of absorbent cotton was soaked in this solution 
and placed on the back of the tongue for 2 minutes, then it was removed 
and the reading of the critical frequency of flicker taken. The mouth 
was then rinsed with water and the stimulation repeated with a fresh piece 
of cotton. In the flrst case no rest interval, and, in the second, a rest 


TABLE V 


Visual Efect of Stimulation of the Sense of Taste 


Wave-length 

Nonnal 

Stimulation with quinine sulfate. 
Rest interval ■> 0 

Stimulation with quinine sulfate. 
Rest interval — 3 min. 

mu 

stc. 

see. 

dijff. 

sec. 

iiff. 

720 

0.0144 

0.0148 

+4 


—7 

700 


0.0131 

+3 


-4 

680 


0.0117 

+2 


-2 

660 


0.0111 

+2 

0.0108 

-1 

640 


0.0105 

+1 

' 0.0104 

0 

620 


0.0102 

' +2 

0.0103 

-1-3 

590 


0.0097 

-2 

0.0103 

-f4 

550 


0.0102 

-3 

0.0111 

-1-6 

530 


0.0106 

-4 

0.0116 

+6 

500 


0.0120 

-2 

0.0124 

-1-2 

480 

0.0134 

0.0140 

+6 

0.0139 

4-S 


interval of 3 minutes was allowed between the cessation of stimulation 
and the measurement of the critical frequency of flicker. The readings 
are given in Table V and are shown graphically in Fig. 7 A and 7 B. 
With no rest interval the red sensation is depressed and the green enhanced 
in sensitivity, while after a rest period of 3 minutes a reversal occurred in 
which the red sensation was enhanced and the green depressed in sensi- 
tivity. In both cases the violet sensation appears to suffer depression of 
sensitivity. 

It may be remarked that stimulation with a solution of sugar was tried 
but with no apparent visual effect. The sweet sensation is, however, the 
most insensitive of the four gustatory sensations. Possibly a solution of 
saccharine might have been successful as a stimulant to produce a change 
of visual sensitivity. 
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DISCUSSION OE BESULTS 

There is in the human body a wide-q>read system of nervous 
through which certain effects of stimulation of one organ are conveyed 
to other organs both similar and dissimilar in character. One of the 
writers (6) ^s shown tl»t stimulation of the right foot by a forward 
pressure against a wall diminishes the magnitude of the post-contraction 
muscular reflex in the right arm. This is a case of partial ipsilateral 
inhibition. The opposite effect had previously been investigated by 
Whisler (14) in a specially complete manner. In his researches he em- 
ployed the post-contraction of the left leg as the normal response. Im- 
mediately after stimulation of the left arm, he found that the responses 
of the left leg were augmented. He then stimulated both arms simul- 
taneously and found a greater augmentation of the subsequent response 
of the leg. The preliminary stimulation was then extended to include at 
once both arms and the right leg, with still greater augmentation of the 
response of the left leg. Finally, with these three he included stimulation 
of the muscles of the neck, and obtained the greatest degree of augmentation 
of the response of the left leg. Similarly, stimulation of different organs 
by faradic currents, pictures, music, and colors was followed by augmented 
post-contraction responses of the left leg. 

The influence of various t)q)es of stimulation upon glandular secretion 
has been studied by several investigators. Thermal stimulation of the 
mouth above 55°C. and below 15“C., was found to be effective in exciting 
the salivary glands to increased activity. Lashley (10) observed that 
violent chewing of a tasteless substance such as rubber, elicited a very 
large increase in the amount of saliva secreted. Activity of the salivary 
glands is also greatly promoted by acids, alkalis, and salts held in the 
mouth, and also by many kinds of food especially when they are present 
in the stomach. Mental work also enhances the activity of glandular 
organs of several types. Inhibitory influences upon the salivary glands 
arise from violent effort, rapid movement, and prolonged strain. Most 
people are aware of the dryness of the mouth which occurs in running, in 
games such as football and tennis, and in athletic sports generally; and it is 
a common practice to counteract the inhibition of the salivary glands thus 
produced by the enhancing action of the chewing reflex promoted by the 
use of gum. Lashley found no saUvary influence exerted by visual, audi- 
tory, or tactile stimulation under the conditions of his experiments. 

Muscular fatigue may depress the memory, while excitement and appre- 
hennon are often found to enhance it. Impassioned emotional ^states 
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have widespread physical effects. Fear inhibits the flow of saliva as many 
an inexperienced speaker has found to bis discomfiture. Hunger, which 
is due to the muscular contraction of the stomach, induces weakness of 
the knees. Many additional instances of the influence of stimulation of 
one pMirt of the organism upon the responses of other parts can no doubt 
be found. 

In nerves themselves Erlanger and Gasser (7) have found evidence of an 
oscillation in excitability. After a nerve fibre has been excited by electrical 
stimulation, the threshold of response falls to a steady state through a 
series of three oscillations of diminishing amplitudes in which the threshold 
values are alternately lowered and raised. The i>eriod of these oscillations, 

0.005 second, is, however, of an order of magnitude much different from 
those of 3 minutes which are described in this communication. The two 
values are perhaps scarcely comparable, since the short period oscillations 
are those of a single nerve fibre, while the long period oscillations are 
concerned with large niunbers of fibres, their receptors, and their cortical 
terminations. 

1. In the present investigation the writers have brought forward evidence 
of a precise character to show how stimulation of three sense organs influ- 
ences the responsiveness of vision. It is found that stimulation with red 
light, sound, quinine, and odors produces by its immediate action much 
the same effect upon vision, which is the depression of the red sensation 
and the enhancement of the green; the violet sensation for some reason 
being sometimes depressed and at other times enhanced insensitivity. 
The magnitude of the visual effect seems in all cases to be about the same. 
Since stimulation of various senses demonstrably affects vision, stimulation 
of the eyes probably reciprocally affects those senses. Perhaps all sense 
organs are so interrelated that stimulation of any one of them influences 
all others either by enhancing or depressing their responsiveness. It 
caimot therefore be maintained that the sense modalities are wholly 
independent of each other. While the validity of Mtiller’s law of “specific 
energy” is not impugned, some modif)dng power upon the quality of 
response of one organ is nevertheless exerted by stimulation of other 
sensory receptors. 

2. An examination of the graphs presented above shows that stimulation 
^f each of the senses selected for experimentation has affected the re- 
sponsiveness of the visual organs in the three parts by which the colors, 
red, green, and violet, are perceived. These results afford, therefore, a 
striking confirmation of the provisions of Young’s tricomponent theory 
of color vision which postulates the existence of three fundamental color 
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SBMattOM, Kd, and vidat. ll U funLat durnn tkat thaaa pnmmy 
s^h^a not mdapandant of aad. otkar and tkat tkay am not^ 

^ T wkila tfca rad sensation b daptassad in 

aanaUvity, tie green is enkan^. ft seems to ke impossible to stimiUate 
or influence m any manner a single color sensation alone 

3 It is skown also in tka case of stimdation of tke ear, tkat tke intensity 
of tka ^nl» may be a determining factor in producing enhantament or 
depression of the sensitivity of tke vbual sensations. For it was found 
mt loud Md weak tones of the same low pitch evoked opposite conditions 
of responsiveness in the organ of vision. Also, it was shown that stimula- 
tion of the left ear evoked an enhanced visual response in the right eye. 
It was formerly demonstrated by .Allen (2), Hollenberg (3), and Weinberg 
(5) that weak and strong stimulation of the senses of vision, touch, and 
taste similarly produced opposite effects on the sensibility of the organs 
directly involved. 


4. One of the most outstanding characteristics of the graphs under 
discussion is the reversal of sensitivity of the visual sensations which they 
reveal as apparently a function of the duration of the interval of rest 
between the termination of stimulation of any sense organ and the measure- 
ment of the critical frequency of flicker. While in the experiments de- 
scribed in this communication the organ of vision is the only one tested 
for the oscillatory effect, it is doubtless the case that all the sense organs 
possess the same remarkable character. This oscillation of responsiveness 
has been shown by Allen and O’Donoghue (4) to occur in the post-contrac- 
tion of the arm after both ipsilateral and contralateral stimulation. It 
seems to be the case, therefore, that when stimulation of any part of the 
organism occurs, the responsiveness not only of that part but also of aU 
other parts neurally connected with it is disturbed, and the normal resting 
equilibrium is restored by a short series of oscillations of sensitivity in 
which the organs are alternately depressed and enhanced in responsiveness 
or excitability. Though the oscillation appears as a function of time, it is 
probably a fpllnlnr or molecular condition of the central areas that fluctuates 
in activity. 

Since the responriveness of the sense of vision oscillates after stimulation 
has occurred, the character of observations or measurements made in 
such circumstances would appear to depend on the time which has elapsed 
after the termination of stimulation j or, in other words, on the phase of 
oscillation which is predominant at the moment. By neglecting this 
factor, many contradictory observations in experimental investigations in 
color vision have doubtless occurred. 
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5. Li the study of conditioned reflexes it has been found that new reflexes 
cft Ti be gradually substituted for habitual or unconditioned ones on a very 
exact and extenave scale. Those reflexes have demonstrated the existence 
of unused neural channels which connect the cortical areas and to some 
extent new activities have been built upon them. While much knowledge 
has been acquired concerning the character of these reflexes and the manner 
of establishing them, little seems to be known of the neural mechanisms 
upon which they are founded. The present investigation seems to deal 
with those modes of behavior of the central organs which lie at the basis 
of conditioned reflexes. The cerebral cortex has been described by Myers 
as a vast unravelled complex. The present experiments on the reciprocal 
actions of central areas seem to constitute an additional method by which 
material progress can be made in the rmravelling process. 

6. It may be safely inferred that stimulation of any sense organ influences 
all other sense organs in their excitability. There results, in consequence, 
an oscillatory condition of sensitivity which changes in state in each case 
by internal reactions governed by the lapse of time. The field of conscious- 
ness, to the extent in which it is based on the fluctuating responses of a 
delicately interlocked system of the senses, can scarcely remain constant 
under the ceaseless impact upon it of stimuli arising from the outer world 
and from the organism itself. These requirements, therefore, afford some 
physiological basis for the widely accepted Gestalt system of psychology, 
in which sensory presentations are not to be regarded as the narrowly 
restricted phenomena of individual organs, but as perceptual patterns 
where now one and then another sensation predominates above the rest. 

7. One of the writers (Allen) has in numerous researches on sensory 
activities generally regarded the central organs as unchanging in sensitivity, 
and the receptor organs as mechanisms which fluctuate in excitability 
when stimulated. One result of the present experiments is the demonstra- 
tion that a central sensory area oscillates in sensitivity when the receptors 
of other sense organs are stimulated, and also when the receptors to which 
it is directly attached are stimulated. To ascribe those phenomena of 
vision, in which fluctuation or alteration of intensity of response is con- 
cerned, to the retinal receptors exclusively is now clearly seen to be er- 
roneous. Many such phenomena must originate in fluctuations of 
responsiveness of the central organs. The modification of the hues of 
contiguous fields of color by their mutual action upon each other, known 
as simultaneous contrast, is one group of phenomena which would now 
appear to arise in the central centres of viaon and not in the visual re- 
ceptors in the retina. One cannot, however, arbitrarily as»gn either to the 
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peripheral or to the central organs the phenomena of oscillation. AU 
parts of the sensory apparatus, i)eripheral, intermediary, and central, have 
important functions to perform in the excitation of sensations. The 
complete sensory apparatus from periphery to centre must be regarded 
essentially as a unit; and stimulation, response, and radiating influence 
upon other organs are to be viewed as but the several aspects of its complete 
and complex fimction. 
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THE ROLE of organic SUBSTRATES IN PHOTOSYNTHESIS 
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Ten years ago van NieP set forth the concept that the photosynthetic 
processes in various pigmented organisms may be interpreted as special 
cases of a generalized photosynthetic reaction expressed as follows: 

2H,A + CO, + 2A. 

Radiant energy 

Carbon dioxide is reduced anaerobically to cell substance and water by 
the hydrogen donor HiA through the agency of photosynthetic pigments 
with the absorption of radiant energy. The hydrogen donor appears at 
the end of the reaction in the oxidized form. Thus, in the case of green 
plants the hydrogen donor is water: 

2H,0 + CO, -► (CH,0) + Hrf) + 0,; 

in the case of the green bacteria it is hydrogen sulfide: 

2H,S + CO, -» (CI^O) + H,0 + 2S; 

while in the purple sulfur bacteria (Thiorhodaceae) various reduced sulfur 
compounds, including NagSaO,, NaaSOs, S and HaS,* and even molecular 
hydrogen* act as hydrogen donors: 

2H, + CO, (CH,0) + IW). 

In addition to these inorganic compounds the purple sulfur bacteria can 
utilize organic substrates during photosynthesis.** *• * 

* National Research Council Fellow. 

*van Niel, C. B., Arch. Mikrobiol., 1931, 3, 1; Photosynthesis of bacteria, in Cold 
Spring Harbor symposia on quantitative biology, Cold Spring Harbor, Long Island 
Biological Association, 1935, 3, 138. 

* Roelofsen, P. A., On photosynthesis of the Thiorhodaceae, Dissertation, Utrecht, 
1935. 

* Muller, F. M., Arch. MikroHol., 1933, 4, 131. 

* van Niel, C. B., Arch. MUtroHoL, 1936, 7, 323. 
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The ability to use organic compounds links the metabolism of the Thio- 
rhodaceae with that of the Athiorhodaceae, the latter requiring organic sub- 
strates, and being unable to develop at the expense of; e.g., HjS and COt 
in the light.® The photosynthetic nature of the metabolism of such organic 
substrates by Athiorhodaceae has been firmly established by Gaffron,® who 
^owed that molecular hydrogen can also be used by certain representatives 
of this group. It seemed, therefore, likely that the generalized equation 

2H«A + CO, -► (CHiO) -h H,0 + 2A 

would also represent the general nature of the photosynthetic metabolism 
of the Athiorhodaceae, and that organic compounds would here fulfill 
the function of H,A; i.e., hydrogen donor for the photochemical reduction 
of CO,.» 

So far this concept has rested entirely upon analogies between the various 
types of photos 5 mthetic reactions. A clear cut demonstration of the func- 
tion of an organic substrate merely as hydrogen donor may be expected only 
if it can be shown that such a substrate undergoes an oxidation without 
change in its carbon skeleton. 

Among the vast variety of oxidation processes carried out by different 
microorganisms it is particularly the oxidation of alcohols that stands out as 
providing many examples of such typical dehydrogenations.^ Thus if it 
were possible to find representatives of the Athiorhodaceae capable of 
using simple alcohols as organic substrates one might hope to show this 
hydrogen donor function beyond a doubt. 

By setting up enrichment cultures in media containing simple alcohols 
as the main substrate, some 50 strains of purple bacteria have now been 
obtained in pure culture, all of which are characterized by their ability 
to develop at the expense of simple alcohols. 

A cursory study of the biochemical behavior of some of these strains 
showed, however, that with primary alcohols an accumulation of the cor- 
responding fatty acids does not occur. In view of the fact that these 
strains decompose fatty acids much more rapidly than the corresponding 
alcohols, this is not surprising. On the other hand, the decomposition of 
* isopropanol with the production of acetone by one of these strains led us 

® Molisch, H., Die Furpurbakterien nach neuen Unteisuchungen, Jena, 1907. 

• Gaffron, H., Biochem. Z., Berlin, 1933, 260, 1; 1935, 276, 301. 

’’ The oxidation of numerous primary alcohols to the corresponding fatty adds, and 
of secondary alcohols to the corresponding ketones by Acetobacter spedes are, perhaps, 
the most widdy recognized cases. 
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to a quantitative study of this process. The results obtained warrant the 
conclusion that the reaction may be represented by the equation 

2 CHiCHOHCH. + CO, 2 CH,COCH, + (CHrf)) + H,0. 

It thus furnishes the first incontrovertible evidence that an organic sub- 
strate can function exclusively as hydrogen donor in a , photosynthetic 
process. 

In this connection it may be pointed out that the oxidation of isopropanol 
to acetone has been found applicable to studies on the mechanism of the 
methane fermentation which Barker in 1936* had formulated as a COj- 
reduction process in the dark. Independently Schnellen* and Barker*® have 
now shown that the methane fermentation in the presence of isopropanol 
may be represented by the equation 

4 CHtCHOHCH, 4- CO, 4 CHjCOCH, + CH, + 2H,0. 


Materials and Methods 


The organism used for the experiments was obtained by specific enrich- 
ment cultures in a basal medium** containing 0.1 per cent isopropanol. 
Glass stoppered bottles, completely filled with the solution, and inoculated 
with a small amount of mud were exposed to continuous illumination in a 
light cabinet at about 30°C. After growth had occurred serial transfers 
were made, and isolation of the pure culture was achieved by three succes- 
sive series of shake cultures in the above mentioned medium with 2 per 
cent agar added (see also footnote 1). 

A complete description of the organism will appear elsewhere. 

The formation of acetone was demonstrated by distilling the liquid por- 
tion of a 7 day old pure culture directly into an HCl solution of 2 ,4-dinitro- 
phenylhydrazine. The precipitate was recrystallized and identified is 
acetone-2 ,4-dinitrophenylhydrazone. 


* Barker, H. A., Arch. Mikrobiol., 1936, 7, 404. 

* Cited by Kluyver, A. J., Suomm Kemistilehti, 1939, 5-6, 81. 
*® Barker, H. A., J. Biol. Ckem., in press. 

** The basal medium consisted of 


Hrf) 

(NHO*S04 

NajHPO« 

MgS04-7Hrf) 

NaHCOi 

Yeast autolysate 

and was adjusted to a pH of 8. 
cording to Orla Jensen. 


0.1 per cent 

0.06 per cent 

0.05 per cent 

0.2 per cent 

0.2 per cent, 

The yeast autolysate was prepared ac- 
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M.P. (uncon.) authentic acetone-2, 4-dinitrophenylhydra- 

zone 

Bacterial product 

Mixed M.P 

N content. Theoretical for CgHio 04 N 4 

Found 

The photosynthetic transformation of isopropanol to acetone with the 
simultaneous assimilation of CO* has been followed quantitatively (1) by 
analyses of cultures in different stages of growth, and (2) with suspensions 
of “resting cells,” using the Warburg manometric technique. 

Analytical Procedures . — Total carbon dioxide, including carbonate and 
bicarbonate, was determined manometrically; the Van Slykc apparatus 
was used for analysis of the culture media. 

Isopropanol and acetone were determmed on a micro scale. A 5 ml. sample was 
slowly distilled, after acidification with H 2 SO 4 , into 1 ml. of H 2 O kept in an ice bath, 
the condenser outlet extending below the surface of the liquid. A total of about 3 ml. 
was collected, and 1 ml. portions of the carefully measured distillate subjected to the 
action of 2 ml. of 0.1 N K 2 Cr 2 C )7 in 5 per cent H 2 SO 4 at 100°C. for 5 minutes in well 
stoppered containers. Residual dichromate was determined iodometrically; deduction 
from a blank, treated in the same way with H 2 O instead of isopropanol-containing distil- 
late, yields the amount of R 2 Cr 207 reduced by isopropanol, which is itself quantitatively 
oxidized to acetone. 1 ml. 0.1 N Na2S20s corresponds to 3.00 mg. isopropanol. Numer- 
ous checks with standard isopropanol solutions gave theoretical results. 

The acetone content of the culture media was determined by the Messin- 
ger-Goodwin iodometric method** directly on the centrifuged culture solu- 
tion since distillation proved to result in a loss of from 5-15 per cent of the 
acetone. The small amount of yeast extract present in the culture medium 
did not reduce a measurable quantity of iodine. However, under the condi- 
tions of the Messinger-CJoodwin titration isopropanol is partly oxidized by 
iodine; the amount of iodine used is proportional to the concentration of the 
alcohol. By eiq>erimentally determining the corrections to be applied for 
various isopropanol concentrations within the range encountered here the 
' method gave highly accurate and reproducible results. 

The possibility had to be considered that the bacteria during their 
development might produce iodine-reducing substances other than acetone, 
particularly since such products have been found in cultures of Thio- 

** 1 am indebted to Dr. A. J. Haagen Smit, of the Califomia Institute of Technology, 
for the N analysis. 

“■Goodwin, L. F., /. Am. Ckem. Soc., 1920, 42, 39. 


124‘>C. 

123.S“C. 

124'’C. 

23.52 per cent 
23.52 per cent** 
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rhodaceae.“> ^ Van Niel* has shown that these metabolic products are 
non-volatile. By running acetone analyses on the culture liquid before and 
after boiling off the acetone it could be shown that the iodine reduction in 
the present experiments was due wholly to acetone. The excellent agree- 
ment between the acetone produced and isopropanol utilized corrobo- 
rates this. 

Organic carbon determinations were made with the method of ter 
Meulen and Heslinga.** 

Experiments on Growing Cultures 

A large batch of the sterile nutrient medium with approximately 0.1 per cent iso- 
propanol was apportioned aseptically into a series of 70 ml. glass stoppered bottles. 
Each bottle, with the exception of every fourth one in the series, was inoculated with 
one drop of a young culture; the uninoculated bottles served as controls. Additional 
controls consisted of cultures in the basal medium without added isopropanol. The 
bottles were completely filled and the necks heavily sealed with paraffin in order to 
minimize losses of COj during incubation. 

After various periods of time bottles were removed for analysis, and 
determinations of total COa, isopropanol, and acetone were made on the 
contents of each bottle. The results obtained with the uninoculated con- 
trols proved conclusively that no changes in composition had occurred 
during prolonged incubation. 

The data for the experiment, representing the analysis of 20 cultures at 
different stages of development, have been summarized in Table I. 

Each horizontal row of figures represents the data obtained with a single 
culture. The development in the various cultures did not proceed at 
exactly the same rate, probably due to differences in the inoculiun and other 
as yet uncontrollable factors. This accounts for irregukrities such as a 
greater oxidation of isopropanol after 6 than after 7 days. The amount 
of acetone formed during the first 4 days of incubation was too small to be 
determined accurately. The data for the changes in composition of the 
medium from the sixth day on show conclusively that the disappearance 
of 1 mole of isopropanol results in the formation of 1 mole of acetone, and 
in the disappearance of practically 0.5 mole of CO», as required by the above 
equation. It will be seen that even after 27 days’ incubation only about 
70 per cent of the isopropanol had been oxidized. 

The exact nature of the products of COrreduction cannot be determined 

“ Gaffron, H., Biochem. Z., Berlin, 1935, 279, 1. , 

** ter Meulen, H., and Heslinga, J., Nouvelles m£thodes d’analyse chimique organique, 
Paris, Dunod, 2nd edition, 1932. 
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on the basis of these analyses. The actual increase in the number of bac- 
teria during the course of the experiments shows dearly that all the different 
cellular constituents have been synthesized. The elementary analysis of 
puiple bacteria* has proven that the overall composition of this cell mate- 
rial is more reduced than carbohydrate. In agreement herewith van Niel* 
and Muller* have found that in growing cultures of Thiorhodaceae the 
COt uptake remains some 10-20 per cent below that required by the 

TABLE I 

Disappearance of COt and Isopropanol, and Formation of Acetone, in Anaerobic Cultures 
of a Strain of Purple Bacteria in the Light 


The medium initially contained 1.03 mg. COs and 0.965 mg. isopropanol per mL 


Age of 
culture 

COt uptake 

laopropanol disappeared 

Acetone produced 

Molar ratio 
isopro- 
panol: COt 

Molar ratio 
acetone: 
isopropanol 

mg./ml. 

milUmola 

X 10«/mL 

mg./ml. 

miUimols 

X l0«/ml 

mg./ml. 

miUimols 

X lOVml. 

days 

2 


1.14 

m 


0.097 

16.70 

4.38 

3.34 

4 

0.021 

4.77 


9.84 

0.102 

17.58 


1.79 

6 

0.068 

15.45 


34.19 

0.203 


2.22 

1.02 

7 

0.065 

14.78 

Ha 

28.34 

0.169 

29.17 

1.92 

1.03 

9 

0.106 


0.293 

48.85 



2.02 

1.06 

10 

0.115 

26.14 

ISSI 


0.319 


1.98 

1.06 

12 

0.169 

38.40 



0.455 

78.45 

2.00 

1.02 

13 

0.149 

33.92 

0.417 



75.85 

2.05 

1.09 

15 

0.172 

39.10 

0.497 


0.479 


2.12 

1.00 

17 

0.226 

51.40 

0.614 


0.619 


1.99 

1.04 

19 

0.213 

48.40 

0.571 


0.575 


1.97 

1.04 

21 


45.70 

0.541 


0.532 

91.65 

1.97 

1.02 

23 

0.267 


0.717 


0.711 

122.6 

1.97 

1.03 

25 

0.235 

53.40 

0.615 




1.92 

1.02 

27 

0.246 


0.663 


0.655 


1.97 

1.02 


equation in which it is assumed that the COrreduction yields carbo- 
hydrate.** One might, therefore, expect a similar discrepancy in the ratio 

Isq^panol u^ above experiments. However, the situation in 

CO» reduced ^ 

^is case is considerably more complicated because the culture medium 
contains other carbon compounds in addition to isopropanol and COs in the 
form of a small amount of yeast autolysate. This addition is required to 
secure growth of the Athiorhodaceae, presumably as a source of as yet 
unknown growth factors. The complex nature of this material, which no 

** This assumption is made for the sake of simplifying the generalized equation, and 
constitutes nothing but a first, rough approximation. 
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doubt contains a number of different hydrogen donors as well, has so far 
made a satisfactory analysis and better interpretation impossible. 

A combustion analysis of the cell material grown in media without and 
with isopropanol was carried out by centrifuging the cells contained in 40 ml. 
of culture, after previous acidification to eliminate carbonate and bicar- 
bonate. The results are presented in Table II, together with data for the 
COj-uptake by the organisms grown in the presence of isopropanol. An 
aliquot of yeast autolysate, burned after evaporation to d^mess without 
acid treatment made possible the computation of the amount of carbon 
attributable to the yeast autolysate in the original medium. 

The dose agreement between the carbon dioxide recovered from the cell 
material, and the amount of carbon dioxide reduced by the bacteria in the 
isopropanol culture could indicate that in the presence of isopropanol the 


TABLE n 

Carbon Analyses of CeUs Produced in the Absence and in the Presence of Isopropanol 



COi found 

COsused 


mg. 

mg. 

Yeast autolysate 

10.9 



10.9 


Cell material from culture without isopropanol 

5.5 


Cell material from culture with isopropanol 23 days (Tabic I) 

10.3 

10.8 


organic constituents of the yeast autolysate are not converted into ceU 
material, were it not for the fact that the liquid fraction contained organic 
matter other than yeast extract, apparent by the slow formation of a col- 
loidal precipitate upon standing, and probably resulting from autolysis of 
the bacteria. Its tendency to cling to and dimb up the walls of the tubes 
made its quantitative recovery impossible.*^ 

Attempts were made to obtain better carbon recoveries by evaporating 
40 ml. of the cultures to dryness in the presence of excess HCl, and deter- 
mining organic carbon in the residue. The results are summarized in 
Table III. 

Although the carbon recovery was considerably higher, the results are 
not entirely satisfactory yet. Apparently the evaporation to dr3mess in the 
presence of HCl resulted in the loss of part of the constituents of the medium 
other than isopropanol and acetone. This is shown by the discrepancy 
of the organic carbon initially present as yeast extract (10.9 mg.*per 40 ml. 

Similar difficulties have been encountered and reported by Muller.* 
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(Table I)) and the recovery (6.0 mg. COt) after evaporation of the iso- 
propanol-free culture. By assuming that the loss of yeast autolysate con- 
stituents is the same in cultures with and without isopropanol a correction 
for this factor yields a carbon balance in which the COa recovery is too high 
(column A, Table III). It is likdy, however, that in the presence of iso- 
propanol and CO* more of the yeast extract is converted into cell material. 
The smaller amoiuit left unchanged at the end of the experiment would thus 
cause a reduction in the loss during evaporation in the presence of HCl. 
By applying the maximum correction for the yeast autolysate equivalent 
(10.9 mg. COi), the recovery is too low (Colunm B, Table III). 


TABLE m 

Carbon Analyses of Cultures after Evaporation to Dryness in the Presence of Excess HCl 



COi found 

COtused 

Per cent recov 

A 

ery, corrected 

B 


mg. 

mg. 



Culture in medium without 





isopropanol 

6.0 




Corresponding cultures with 





isopropanol: 



in D 


25 days (Table I) 

16.8 

9.5 

lU.o 

-pTs - 

o.y 

27 days (Table I) 

19.0 

10.0 

13.0 

8.1 

Culture without isopropanol . . . 

6.4 1 




Culture with isopropanol (14 



9.5 

5.0 

days) 1 

15.9 

6.0 




Hence it appears that the fate of the yeast autolysate constituents 
depends upon the presence or absence of additional substrates. A closer 
evaluation cannot be attempted at present. 

The results show, however, that the inorganic carbon dioxide, which dis- 
appeared from the medium during the development of the bacteria in the 
presence of isopropanol, is converted into organic cell constituents. 

* Manometric Experiments 

The photosynthetic decomposition of isopropanol with reduction of CO* 
was also studied with resting cells which excludes multiplication of the 
bacteria, and hence makes the addition of yeast extract superfluous, thus 
eliminating this complicating factor. 

The slow rate of oxidation of isopropanol by the bacterium necessitated 
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the use of dense suspensions of physiologically active cells in these mano- 
metric experiments. Preliminary studies 'Showed the desirability of using 
relatively young cultures grown in isopropanol media. For one complete 
experiment the cells produced during 5 days in 5 liters of medium were 
collected by centrifugation, washed, and suspended in about 15 ml. 0.05 
per cent NaHCOs solution. The suspension was equilibrated with oxygen- 
free nitrogen containing 5 per cent CO 2 , and 2 ml. portions pipetted into 
the main compartment of a number of Warburg vessels with two side arms. 
One side arm always contained 0.1 ml. 5 per cent H 1 SO 4 , the other the 
solutions to be added as substrate. The gas phase consisted of N* with 

TABLE IV 


COf Assimilation of Athiorhodaceae in the Presence of Isopropanol and Acetone 
2 ml. suspension per vessel; 0.1 ml. 5 per cent H 2 SO 4 ; 30.0°C.; gas phase N 2 -h 5 per 
cent CO 2 . 


Contents of second side arm 

COi change in gas phase 
in 

Bicarbonate content of liquid 
in 111 COt 

Initial 

2 hrs. 

5 hrs. 

7 hrs. 

Initial 

2 hrs. 

5 hrs. 

7hts. 

0.2 ml. HsO 

- 



+10 

286 



302 

0.2 ml. ^acetone 

- 



+9 




301 

M 

0.2 ml. ^isopropanol 

- 

-49 

-63 

-63 

286 

294 

294 

287 


Total COi change in 7 hrs. 

Control +10 + 16 /d “ +26 /d 

Acetone + 9 + IS " - +24 “ 

Isopropanol —63 + 1 ‘* ^ —62 '* ; corrected for control —88 id 

5 per cent CO 2 ; the vessels were shaken at 30.0°C. over a bank of 60 watt 
incandescent lights. 

After temperature equilibrium has been reached the pressure in the 
manometers r emai ns practically constant in the absence of substrate. The 
addition of isopropanol from the side arm causes a slow but regular decrease 
in pressure which, after some hours, comes to a standstill. 

Li Table IV the results of a typical experiment are reproduced. 

Inasmuch as the bicarbonate content of the liquid does not change appre- 
ciably during the experiment, the decrease in pressure shows the course of 
the photosynthetic CO 2 uptake (Fig. 1). , 

The cessation of CCh uptake is due to the disappearance of ttie isopro- 
panol. This , and the conversion of the latter into acetone, has been riiown 
by chemical analyses in which 73-84 per cent of the acetone could be re- 
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covered. Considering the relatively large gas phase, the high temperature 
at which the esqperiments were run for many hours, and the volatility of 
the acetone such recovery may be deemed entirely satisfactory; also from 
the suspensions to which acetone had been added the recovery was of the 
same order of magnitude. 

The actual COruptake in these experiments amounts to about 90 jul 
per 0.01 millimol of isopropanol. The generalized equation requires 112 fil 
if the conversion of CO* would yield carbohydrate. 



Fig. 1. CO* assimilation in the presence of isopropanol and acetone 


Experiments on photosynthesis by Athiorhodaceae in the presence of 
various substrates have shown that the CO* uptake is always considerably 
below this theoretical amount (Gaffron*). The average of numerous deter- 
minations has shown a discrepancy of 45 jul per 224 jul, computed from the 
general equation.^* 

•Thus the results of the CO* asrimilation with isopropanol are in excellent 
agreement with the known facts. The low values for COs-uptake must be 
interpreted to mean that the resting cells do not carry on photosynthesis 
with the t>roduction of carbohydrate, but form more reduced substances. 

The results obtained with the su^ension in the presence of acetone also 

As yet unpublished results of van Nid. 
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demonstrate conclusively that acetone cannot be used by the organism as 
a substrate for photosynthesis, and is truly the end product of the iso- 
propanol oxidation. This holds not only for suspensions of resting cells; 
also culture experiments in the basal medium with acetone proved that 
growth in such media is never in excess of that which can be obtained in 
acetone-free medium; i.e., at the expense of the yeast autolysate. 

DISCUSSION 

The experiments described above illustrate the first case in which the 
rdle of an organic substrate in photosynthesis by Athiorhodaceae can be 
unequivocally interpreted. Of particular importance is the fact that the 
transformation of the substrate consists of a simple dehydrogenation, as 
shown by the stoichiometrical relationship between the substrate and its 
oxidation product. 

The organism itself is of interest also as a representative of a group of 
Athiorhodaceae capable of using simple alcohols. The purple bacteria 
previously investigated have appeared inactive with respect to alcohols.* 
The present results show that the contention of Gaffron: “Das Vorhanden- 
sein einer Carboxylgruppe ist Grundbedingung dafiir, dass ein Kdrper als 
Substrat der Assimilation dienen kann . . . ,” has become untenable. The 
discovery of this group of Athiorhodaceae makes it seem probable that 
among the purple bacteria there would exist a heterogeneity of oxidative 
biochemical characteristics comparable to that known to occur among the 
colorless bacteria. But, whereas the latter bring about the oxidation of 
the substrate with the simultaneous reduction of oxygen, CO*, nitrate, or 
sulfate in the dark, the purple bacteria are outstanding in their ability to 
accomplish such oxidations concomitant with the photochemical reduction 
of CO*. 

The quantitative conversion of isopropanol to acetone with the reduction 
of an equivalent amount of CO* in the light shows the validity of van Niel’s 
generalized equation of photosynthesis 

CO, -H 2 H,A (CBM)) + H,0 -t- 2A 

beyond a doubt. Also organic substances can thus be used exclusively as 
hydrogen donors for the photochemical CO*-reduction. 

In a large number of cases the r 61 e of the organic substrate is not so 
transparent; usually one observes the complete transformation of organic 
substances with the simultaneous uptake of CO* (or production in the case 
of highly oxidized substances) into ceil materials, and without any detect- 
able remains in the surrounding liquid. This might imply that the cell 
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constituents are produced exclusively from CO*, while the organic compound 
during photosynthesis is completely dehydrogenated (Muller*). 

However, it would seem premature to draw this conclusion on the basis 
of the experimental evidence presented above. It is far more likely that 
in the course of the oxidation of other organic substrates there may be 
formed intermediate products which can be directly converted into cell 
materials. (See also van Niel' 1935, pp. 140-141.) The recent studies** 
on oxidative assimilation by colorless organisms furnish a very strong sup- 
port for this view. Wherever the occurrence of such intermediate products 
is excluded the cell substances must, however, arise from the assimilation 
of CO* alone. The isopropanol oxidation is a case in point. 

SUMMARY 

A representative of the photos}mthetic non-sulfur purple bacteria (Athio- 
rhodaceae) capable of using simple alcohols has been isolated in pure culture. 

By means of quantitative analysis of cultures at different stages of 
development it has been shown that this organism converts isopropanol 
quantitatively into acetone, simultaneously reducing CO* in the light. The 
data can be represented by the equation 

2 CHtCHOHCH, -J- CO, -► 2 CH,COCH. + (CHrf)) -|- H.O. 

Manometric experiments with suspensions of resting cells have fully 
corroborated the results obtained with growing cultures. 

The experiments have conclusively proved that an organic substrate may 
f ulfill exclusively the function of hydrogen donor for the photochemical 
COrreduction in purple bacteria photosynthesis. 

I am greatly indebted to Professor van Niel for his constant and invalu- 
able help. 

** Barker, H. A., J. CM. and Comp, Physiol., 1936, 8, 231. Giesberger, G., Beitr&ge 
zur Kenntnis der Gattung Spirillum Ehbg., Dissertation, Utrecht, 1936; Clifton, C. E., 
Emcymologia, 1937, 4 , 246; Clifton, C. E., and Logan, W. A., J. Bact., 1939, 523; 

Winzler, R. J., and Baumberger, J. P., J. CM. and Comp. Physiol., 1938, 12, 183; M. 
Doudorofi, Etaymologia, in press. 
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INTRODUCTION 

While more than a dozen microrespirometers have been described in 
the literature of the past decade, only that devised by Heatley, Berenblum, 
and Chain (7) is an instrument of general utility like the widely used 
apparatus of Warburg. While the respirometer of Heatley, Berenblum, 
and Chain may be used on much smaller amounts of tissue than the standard 
Warburg apparatus, and is designed to permit mixing of solutions as well as 
exposure to gases of any desired composition, it is unsatisfactory for the 
work planned in this laboratory because it does not possess the maximum 
sensitivity desired by us (0.1 X/hr.)^ and is, moreover, rather expensive 
when the costs of thermostat and optical lever system are included. 

In addition to overcoming these objections it was also found that our 
instrument could be so designed that the chamber size and sensitivity 
could be simply and rapidly altered to meet the requirements of the diverse 
materials^ — ^protozoan organisms, tissue cells in culture, and tissue slices — 
to be studied. 

It is the purpose of this paper to describe the instrument* devised by 
us as well as to give certain data indicative of the reliability of the measure- 
ments obtained with it. 


Principle 

The respirometer was constructed on the well known differential principle, 
first used for this purpose by Thunberg (9), and since utilized in modified 

* Aided by grants from The Rockefeller Fotmdation and from the Research Board of 
the University of California. 

* 1 X - 1 mm.*, Kirk, P. L., Mikrochemie, 1933, 14, 1. 

* The respirometer has also been found useful in studies on insect respiration carried 
out by Dr. Roderick Craig of the Division of Entomology of the College of Agriculture of 
the University of California. 

* Mr. C. E. Camenson of the Microchemied Specialties Co., 2112 Berkeley Way, 
Berkeley, California, cooperated in the construction of this instrument, and is prepared 
to supply it. 
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forms by a number of workers, but especially by Fenn (5, 6) and Bar- 
croft (1, 2). 

The essential feature of differential respirometers is the presence of two 
similar chambers, one of which contains the biological system in its medium, 
the other an equal volume of medium alone. The two chambers are con- 
nected by a piece of capillary tubing carrying an index drop of some liquid 
of relatively low viscosity and vapor pressure. During the period of 
measurement the chambers and the connecting tubing constitute a closed 
system. The consumption of gas in one chamber creates a difference in 
pressure in the chambers. Equilibrium is restored by the movement of the 
index drop, which can be measured quantitatively. For many types of 
work this arrangement is advantageous, permits a cancellation of errors 
arising from the medium alone, and is independent of external temperature 
fluctuations, provided that such fluctuations induce the same temperature 
changes in both chambers. Previously described differential respirometers 
have failed to take full advantage of this last possibility, which permits 
elimination of the thermostat. Consequently such microrespirometers 
have required careful temperature regulation. 

A disadvantage of the S)nnmetrical differential respirometer is that the 
displacement of the index drop is only half that which is obtained under 
similar conditions with a non-differential type. Duryee (4) and Victor 
(10) have both designed respirometers retaining the closed system feature 
of the s)mimetrical differential type, but have made the volume of the 
chamber containing the biological system negligibly small with respect to 
that containing none. The displacement of the index drop then approxi- 
mates the actual change in volume in the respiration chamber. The 
bulk of the apparatus is thereby considerably increased, since a compensa- 
tion chamber several hundred times the volume of the respiration chamber 
is employed. Careful temperature control is necessary since changes in 
external temperature can hardly be expected to affect both chambers 
equally, and cancellation of errors arising from the presence of the medium 
is somewhat less certain, since liquid-gas volume ratios are usually not 
the same in the two chambers. Consequently, while the apparatus de- 
scfibed here may, by a proper choice of fittings, be converted into such a 
compensated form, it is designed to function primarily as a symmetrical 
differential type. The symmetrical construction and the placing of the 
chambers inside a metal block insure a uniform temperature distribution, 
permit the elimination of the thermostat and make possible a very high 
degree of sensitivity. 
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Construction 

The respirometer proper and its case were constructed entirely of brass, 
except for the glass capillaries. The component parts of the respirometer 
proper and the accessories for its operation can be described under the 
headings: (1) The chamber block and plugs; (2) the head plate assembly; 
(3) the respirometer case; (4) accessories. 

The construction of the respirometer and its accessories are shown in 
detail in the accompanying drawing (Fig. 1) in which all dimensions are 
given in millimeters. A few dimensions could not conveniently be included 
in the drawing and these will be found in the text below. 

L The Chamber Bloch and Plugs.— A cylindrical piece of brass 50 mm. in diameter 
and 35 mm. in length was cut from a brass bar. Two holes, 10 mm. in diameter, were 
drilled completely through the block parallel to its cylindrical axis. Centers of these 
holes were 8 mm. from the center of the block face, on opposite sides of the face center. 
These holes were reamed and polished to the same diameter. The two faces of the block 
were ground flat against a steel plate, using powdered carborundum and oil. The 
grinding of one face was continued with flne carborundum and finished with rouge and 
water against a piece of plate glass. 

Three pairs of chamber plugs were constructed of brass cylinders carefully trimmed 
to fit the holes in the chamber block. The first pair of cylinders were 25 mm. in length, 
the second 30 mm., and the last 35 mm. In the last pair of plugs (pair C of Fig. 1) 
circular wells, 4 mm. in diameter and 3 mm. deep, were drilled into the center of one 
face of each plug. With the last pair of plugs the chamber volume was reduced to 36X, 
for handling very small amounts of tissue. 

2. The Head Plate Assembly.— A brass disc 6 mm. in thickness was cut from the same 
brass bar used for the chamber block. Four equispaced holes, 6 mm. in diameter, were 
drilled to a depth of 4 mm. into the top of this disc. The centers of these holes were 
located 8 mm. from the center of the disc face. In the center of two opposite 6 mm. 
holes, 1 mm. holes were drilled through to the opposite lower face of tlie disc. In each 
of the other two 6 mm. holes, a pair of 1 mm. holes, 3 mm. apart, were drilled through 
to the lower face of the disc. The bottom face of the disc was then ground with car- 
borundum and rouge as described under **The chamber block and plugs.” The grinding 
of the contact surfaces of disc and block was completed by grinding the two together 
with fine rouge, and finally without any abrasive. It was absolutely essential for the 
proper operation of the respirometer that these two surfaces were ground flat and semi- 
polished.^ Failure to achieve this resulted in troublesome “drifting” of the index droplet. 

Plugs were inserted into the chamber block and sealed with bakelite varnish at top 
and bottom. The inside of each chamber was given a very light coat of the same vkmish. 

Two capillary posts were constructed from brass cylinders 6 mm. in diameter and 
15 mm. in length. In each post a 1 mm. hole was drilled through the center of the 

^ Dr. Craig has suggested that the lapping of the surfaces may be more ea&ily achieved 
if the block and head plate are of metals of different hardness, such as brass and stain- 
less sted. 
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Microrespirometer and accessories 





Civ39i*cff9h Qfasnmbft^ tfparatus showtnf cttpsand 
paper disc^ a place. O* ^ cannec ted b y 

copillary.w head rotated 30* from 0 . 



^ Fig. 1. Scale drawing of microrespirometer and accessories. All dimensions in 
millimeters. Scale of the two inset drawings is twice that of the remainder of the 
drawing. 


cylinder for a distance of 11.5 mm. after which it was contmued at right angles by drilling 
into the side of the cylinder. The cylinder was filed flat perpendicular to this second 
hole, to provide a contact surface between capillary and c^illary post. 

Two gas inlet'Outlet posts were constructed similarly, except that one 1 mm. hole 
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was drilled parallel to the central axis at a distance of 1.5 mm. from it. This extended 
completely through the post. A second hole was drilled on the opposite side of the 
center at an equal distance, but only to a depth of 9 mm., after which it was continued 
at right angles by drilling through the side. 

The bottoms of the posts were trimmed to fit the 6 mm. holes in the head plate, as 
shown in the section drawing of the assembled apparatus. These posts were cemented 


% 


Fig. 2. Microrespirometer and accessories. From left to right: Top row: Respirom- 
cter case, upper half; chamber block; respirometer case, lower half. 

Second row: Capillaries; head plate assembly; chamber plugs, 75 mm.; chamber 
plugs, 35 mm. 

I'hird row: Chamber cups; mixing cells with rings and bottom plates assembled. 

Bottom row: Absorption discs; mixing bead; top plates of mixing cells. 

Note: The respirometcr case shown differs in some details from that diagrammed in 
Fig. 1. 

in place with bakelitc varnish, 'fhe top of each capillary post was given a light coat of 
shellac and a short piece of small bore rubber tubing was slipped over the end of the post, 
as may be seen in the photograph (Fig. 2). When the shellac was dry, small holes were 
drilled through the rubber to connect with the post opening. 

Capillaries were constructed from capillary and thermometer tubing cut to the proper 
length and ground flat on the ends. Before grinding, the capillaries were filled with 
paraffin to prevent plugging with the grinding compound and scratching oi the inside 
walls. 

3, The Respirometer Case. -Complete structural details and all dimension data for the 
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respirometcr case are given in the drawing (Fig. 1). I'hc case is essential for the opera- 
tion of the respirometcr only in that it is necessary to provide some sort of clamp for 
holding the head plate tightly to the chamber block. 

4. Accessories. Chamber cups for holding tissue were constructed of thin walled 
glass tubing closed and flattened at one end and cut to the proper length. The ])ottoms 
were ground to reduce their thickness. 

Mixing cells, for mixing solutions inside the respirometer, were constructed of a glass 
ring and two glass plates, as shown in the drawing. To comi)lcte the mixing cells rings 
of paraflin were placed on one face i l each tlisc. The outside diameter of each wax ring 
was slightly less than the inside diameter of the glass ring. The ends «'f the glass rings 
were notched to permit gas diffusion. 

The most satisfactory magnetic mixing beads were constructed from bits of razor 
blade, about 1 mm. square, and covered with a thin capsule of glass. 

Discs for holding the alkali for C ()2 absorption were cut from alkali resistant fdter 
paper. Small holes punched in the centers of these discs assured pressure eciuilibrium 
between the gas in the chamber cups and that above the absorption discs. 

An electromagnet for operating the mixing beads was constructed by winding approxi- 
mately 12fK) turns of No. 20, 11. & S. cotton-covered copper wire around a core composed 
of a l)undle of soft iron wires, the core being 12 cm. in length and 15 mm. in diameter. 
It was operated by six dry-cells. 

It was possi})le to use a millimeter scale placed behind the capillary, for observing 
the movement of the index droplet, but it was more conveniiMit and accurate to use a 
low power microscope fittetl with an ocular micrometer. This arrangement is shown 
in Fig. 3. 

'Fhe kerosene used as the index liquid should l)e free of resin-forming unsaturates, 
as has been pointed out by Schmitt (8), We found it sufficient to treat the kerosene for 
several days with concentrated sulfuric acid and then to store it over sodium hydroxitle 
pellets in a stoppered container. 

Calilmilion and TesLing 

L Calibration.- The volumes of the chambers, of the capillary posts, and of the cups 
and mixing cells must be determined with considerable accuracy if accurate measure- 
ments are to be made with the respirometcr. 

The volumes of the chambers were determined by filling them with mercury, squeez- 
ing out the excess mercury by putting a glass plate over the chamber, and then pouring 
the residual mercury into a container for weighing. 

The volumes of the capillary posts were calculated from the sizes and lengths of the 
holes through them. 

^ The volumes of glass in the mixing cells and chamber cups were determined by weigh- 
ing them and dividing the w'eight by the density of the glass. 

'Fhe capillaries were calibrated by taking several measurements of the inside diameter 
with an ocular micrometer and microscope, and calculating the cross-sectional area. 
The effective cross-sectional area of the capillary in use, however, is somewhat less than 
this due to the layer of kerosene adhering to the inner wall. A few experiments were 
conducted to determine the magnitude of this error. The determinations were carried 
out in the following manner; 

A small droplet of kerosene was introduced into one end of a piece of clean, dry capil- 
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lary tubing. The length of this droplet was measured with an ocular micrometer. 
The droplet was then permitted to flow slowly along the tube (by tilting the tube slightly) 
for a measured distance. The tube was then tilted slightly in the opposite direction. 
When the droplet had reached its original position its length was again measured. The 
initial and final volumes of the droplet were calculated. The difference represented the 
amount of liquid adhering to the walls over the measured distance. 'Fhis is equal to the 
error caused by the layer of liquid on the walls of the capillary. The volume of liquid on 
the wall divided by the total volume of capillary traversed by the droplet X 100 repre- 



Fio. .3. (leiieral view of apparatus in use. Microrespirometer h. low dissecting 
microscope. 'Fhe electromagnet is shown above and slightly to the left of the pened 
and pad. 

sents the percentage error from this cause. The results of eight such experiments are 
summarized in Table I. 

The mean per cent error from this source is 0.45 ±0.10 for the 0.57 mm. 
diameter capillary, and 0.42 ±0.07 for the 0.22 mm. capillary. These 
errors are not significantly different for the two sizes of capillary tubing, 
as determined by the rather approximate method outlined above. The 
absolute value of the capillary error is not of significant magnitude in most 
respiration measurements. 

2, Testing. -As a final check on the mechanical reliability of the apparatus it was 
used to measure the volumes of C ()2 liberated from known amounts of standard bicar- 
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bonate solution by an excess of sulfuric acid solution. The head plate was lightly lubri- 
cated with mineral oil and slipped onto the chamber block from the side, using consider- 
able pressure. The respirometer was placed in the case and tightly clamped by turning 
the screw at the bottom of the case. A capillary coniaining an index droplet of kerosene 
was put in place between the capillary posts and scaled at the edges with a little melted 
parafTiii. 10 minutes were allowed for temperature equilibrium. Ihe position of the 
bubble was then observed with a low power microscope fitted with an ocular micrometer. 
If the contact surfaces of the chamber block and head j)late had been properly ground 
the position of the bubble did not shift by more than O.O.S mm. during the ensuing 10 
minutes. This served to show whether the grinding of these surfaces had been satis- 
factory. 

The head plate was then removed by a sidewise movement and the Ijotlom plates 
and rings of the mixing cells put in place in the chambers. A measured amount of 


TABLE I 


/irror Resulting from Index Liquid Adhering to the Wall of the Capillary 


Experiment No. 


Capillary diameter 


Error 


1 

2 

3 

4 

5 

6 

7 

8 


mm. 

0.57 

0.57 

0.57 

0.57 

0.22 

0.22 

0.22 

0.22 


Per cent 

0.44 

0.35 

0.48 

0.55 

0.47 

0.35 

0.43 

0.42 


standard bicarbonate was put into each mixing cell. A similar amount of sulfuric acid 
solution of approximately two and one half times the strength of the bicarbonate solution 
was placed on the bottom surface of each top plate. The mixing bead was put into the 
bicarbonate solution in one chamber, which will be called “the reaction chamber, and 
the top plates dropped into place on top of each ring, mih the drop of acid projecting 
downward. The head plate was put on the respirometer and the apparatus set up as 
previously de.scribed. Previous to placing the capillary in position between the posts, 
it was tilted slightly to shift the kerosene droplet toward the end of the capillary con- 
nected to the reaction chamber. When the index droplet had reached equilibrium the 
acid and bicarbonate in the reaction chamber were mixed by placing the electromagnet 
-ibove the chamber and drawing the mixing bead from the lower drop to the upper drop, 
thus bringing the two in contact and mixing the acid and bicarbonate. 10 minutes were 
allowed for the reaction to go to completion. The position of the index droplet was 
again observed and from its displacement the volume of CO 2 liberated was calculated , 
as discussed under the section, “Theoretical^Considerations and Calculations.” 'Fhese 
experiments served as a final check on the calibrations and mechanical features of the 
respirometer. 'The results of fourteen such experiments are summarized in Table II. 
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Respiration Measurements 

After calibrating and testing the apparatus as previously described, 
it was used for a series of measurements of the oxygen consumption of 
Paramecium caudatum^ part of which are sunmiarized in Table III. 

These experiments were carried out as follows: A measured volume of a suspension 
of the organisms was placed in one chamber cup and an equal volume of the same me- 
dium, free of organisms, was placed in the other. The cups were put in the chambers 

TABLE n 


Measurement of Volume of CO2 Displaced from a Known Amount 
of Bicarbonate by the Addition of Excess Acid 


Experiment No. 

Volume of COi 
calculated (X) 

Volume of COi 
measured Qi) 

Error 

1 

2.60 

2.37 

Ptretni 

-7 

2 

2.60 

2.48 

-5 

3 

3.00 

2.72 

-10 

4 

3.15 

3.12 

-3 

5 

2.98 

2.85 

-4 

6 

2.38 

2.46 

+3 

7 

2.95 

3.01 

+2 

8 

2.95 

3.01 

+2 

9 

2.95 

3.01 

+2 

10 

2.16 

2.09 

-3 

11 

2.16 

1.99 

-8 

12 

2.16 

2.08 

-4 

13 

2.16 

2.08 

-4 

14 

3.42 

3.60 

+5 

Average per cent error 

Average per cent recovery 


d=4.5 

98 


and an absorption disc put on top of each cup. The same amount (a few X) of 0.5 n 
NaOH was placed on each disc. The apparatus was then set up as previously described 
and the position of the index droplet was recorded at the intervals indicated in Table Ul. 
The Of consumption values were calculated from these figures. It was possible to 
continue oxygen consumption measurements indefinitely, since, as the droplet approached 
one end of the capillary, rotation of the head plate through 180^ caused the droplet to I 
move in the opposite direction. The reproducibility of measurements is also shown 
by the table. Ilie number of organisms used in these experiments varied from 43 to 231. 

Theoretical Considerations and Calculations 

The theoretical considerations involved in the testing of the appsuratus by 
liberations of COi may conveniently be discussed with the aid of two idealized 
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TABLE m 

ReproducibUity of ResuUs in Measuring the Oxygen Consumption 
of Paramecium caudatum 


Experiment No. 

Trial No. 

Of consumption 

Mm. displacement/min. 

XOt at standard 
conditions per hour 

1 

1 

0.30 

* 



1 ^ 

0.26 

0.26 ±0.04 

0.66 ±0.10 


3 

0.25 




4 

0.23 



2 

1 

0.32 

[*0.33 ±0.02 

0.85 ±0.05 


2 

0.35 J 



3 

1 

0.20 ' 

It 



2 

0.22 

0.21 ±0.01 

0.54 ±0.02 


3 

0.22 



4 

1 

0.30 

[*0.29 ±0.01 

0.74 ±0.02 


2 

0.28 j 



5 

1 

0.14 1 

[^0.14 ±0.01 

0.35 ±0.02 


2 

0.15 J 



6 

1 

0.10 1 

[^0.09 ±0.01 

0.23 ±0.02 


2 

0.08 J 



7 

1 

0.53 ’ 

• 



2 

0.51 

^ 0.53 ±0.05 

1.35 ±0.13 


3 

0.58 




4 

0.50 , 




* Measurements made at 10 minute intervals, 
t Measurements made at 20 minute intervals. 


A 




Fig. 4. Illustration of the operation 
of the apparatus in testing by calibra- 
tion of COj. 


diagrams representing the conditions 
before and after liberations of the gas — 
Figs. 4 A and 4 B respectively. 

The chambers, connected by small 
openings through capillary posts and 
capillary constitute a closed system 
which is separated into two parts by an 
index droplet /. / may be regarded as 
a frictionless piston having a comp>onent 
of motion in the horizontal only, so that 
at equilibrium the gas pressures at the 
two ends of I are the same. 

If, now, gas is liberated in one chamber 
(by the mixing of acid and bicarbonate 
in the left-hand chamber as shown in 
Fig. 4 B), then the pressure in this 
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chaml:)er rises, forcing the index droplet to the right. This move- 
ment compresses the gas in the right-hand chamber. The movement 
continues until the pressures in the two chambers are the same. Since the 
displacement of the index droplet is what is measured, it becomes necessary 
to interpret the observed displacement in terms of volume of gas liberated. 

In the discussion of the relationship between observed displacement and 
volume of gas liberated (or consumed) the following s5mibols will be used: 

1. V R - volume* of gas in the reaction chamber (the left-hand chamber in Fig. 4). 

This includes the volume of the chamber proper plus the volume of the 
capillary up to the index droplet, minus the sum of the volumes of mixing 
cell, mixing bead, bicarbonate solution, and acid solution. 

2. V c = volume of gas in the compensation chamber. 

3. AF/»o = volume of gas liberated or consumed measured at Po and /. 

4. ^ = temperature of apparatus in degrees Centigrade. 

5. VI R — volume of liquid in the reaction chamber. 

6. Vic = volume of liquid in the compensation chamber. 

7. Po =“ initial pressure in the system as shown in Fig. 4 A, ■» barometric pressure 

at the time the apparatus is set up. 

8. P/ =■ final pressure in the system, as shown in Fig. 4 B. 

9. d =» observed displacement in millimeters of the index droplet. 

10. A = effective cross-sectional area of the capillary in mm.* 

= measured area minus 0.4 per cent. 

11. aCCfe* = the solubility coefficient of CO 2 at temperature t and 760 mm. pressure of 

CO 2 , in terms of volumes of gas at standard conditions per volume of 
liquid. 

12. aN 2 , *= ditto for N 2 . 

13. a02| = ditto for O 2 . 

* All volumes arc expressed in X (mm.®). 

It is clear that if the index droplet I has been observed to move d mm., 
Vc has been diminished by Ad\. The pressure in the compensation 

Po. We shall call 

this higher pressure P/. It is equally clear that the pressure in the entire 
system now has this same value of P/, since the pressures at the two ends of 
/ are the same. Therefore a gas occupying a volume of (Vr + Vc) at a 
pressure Po, now occupies this same volume at a pressure P/. {Vr + Vc) 

at Pf would be (V« + Vc)^ at Po. In other words, if the liberated gas 

had been allowed to expand freely against a pressure Po the total volume of 

gas would have been increased by (F« + — (V* + Fc). We shall 

r 0 

call this increase AF,,. AVp, represents the volume of gas liberated from 


chamber has therefore increased from Po to 


VFc - AdJ 
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the bicarbonate solution. It becomes necessary then to determine the 
relation between d and AFj>,. 

Suppose the ratio of the total volume of the two chambers to the volume 
of the compensation chamber is n, 



n 

then 

n7o - 7« + 7c 

since 

a7p, - (7« + Vc)^- (7* + 7c) 
Jro 


AVpo - »Vc^ - i»7c 

but 

1 

B 

therefore 

A7,.-n7c(^^^‘’^,-l) 

or 



Since Ad is usually small with respect to Fc the expression; 
is approximately equal to one and equation (1) reduces to 

- nAd (2) 

AFp,, calculated from d by means of either (1) or (2) may be reduced to 
standard conditions in the customary manner. 

AFp, however, does not represent all the CO 2 produced from the bi- 
carbonate, since an appreciable fraction of the COt remains dissolved in 
the liquid in the reaction chamber. The quantity of dissolved COa may be 
calculated, since it is known that a volume of COa, AFj>„ permeates a space, 
(F* -f AS) in which the total gas pressure is equal to Pf. The partial 
pressure of COa in this space is therefore equal to [AFj.,/(Fs + Ad)\ Pf. 
If the temperature of the apparatus is t, then the quantity of dissolved 
COa is given by the formula: 

CO, (dissolved) - ( ^y«CO„ • Vlu (3) 

Since aCOa is given in terms of volumes of gas at standard conditions per 
voliune of liquid, it is only necessary to add the reduced value of AFj>, to 
the volume of dissolved COa in order to get the total volume of COa produced 
by the reaction. 
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For measurements of greater precision it is necessary to take into con- 
sideration an additional source of error. Itis apparent that the compression 
of the gas in the compensation chamber has increased the partial pressure 
of Os and Ns in this chamber and that more of these gases have gone into 
solution. At the same time the partial pressures of oxygen and nitrogen 
have diminished in the reaction chamber, since the same quantities of these 
gases now occupy a larger volume. There is a smaller volume of dissolved 
oxygen and nitrogen in the reaction chamber and a greater volume of dis- 
solved oxygen and nitrogen in the compensation chamber than was initially 
the case. This produces a greater displacement of the index droplet than 
if the liquid phase were absent. 

The partial pressures of oxygen and nitrogen in the compensation chamber 
have increased to PftPn times their original values. The partial pressures 

of oxygen and nitrogen in the reaction chamber have decreased to 

Vh 

times their original values. 

The additional quantity of oxygen forced into solution by compression 
in the compensation chamber is equal to: 


AOi (dissolved) ■> Mu-Vlc-POt 


(g-o 


(4«) 


(4« 


where Po, = initial partial pressure of oxygen. 

Similarly for Ns 

ANi (dissolved) =• ~ 1^ 

The quantities of oxygen and nitrogen released from solution in the re- 
action chamber are: 

'VR - Ad 


AO* (dissolved) ■» 

ANj (dissolved) “ aNi|*7fe-PNi 




(4c) 

(4d) 


The latter two quantities are negative, but since they tend to produce an 
error in the same direction as the first two, all four A’s are added, and the 
sum subtracted from the reduced volume of COs already calculated. 

Respiration Measurements 

The principles involved in respiration measurements are the same as 
those already discussed. In this case, however, we have to deal with a 
system in which the total pressure is decreasing. 
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AF>o is therefore equal to: nAd 



(S) 


A source of error in respiration measurements is introduced by the 
removal of only one component (oxygen) of the gas mixture in the reaction 
(respiration) chamber. The partial pressures of oxygen and nitrogen do 
not remjun equal in the two chambers. If the displacement volume = Ad, 
Vc is increased to Vc + Ad. The partial pressures of oxygen and nitrogen 

in the compensation chamber are thus reduced to y^^rXd 

initial value. 

In the reaction chamber the volume has been reduced to F* — Ad. 
The partial pressure of nitrogen in the reaction chamber has therefore 

times its initial value. The partial pressure of 

oxygen, on the other hand, has diminished to: 

Vb - Arf VT- Ad{n -T) 


increased 




The changes in the volumes of dissolved oxygen and nitrogen may then be 
calculated as already outlined and the correction applied accordingly. 

In calculating the initial partial pressures of oxygen and nitrogen, it 
should be remembered that water vapor constitutes an appreciable fraction 
of the gas mixture in the chambers. 

SUMMARY 

1. A microrespirometer suitable for measuring oxygen uptakes from 0.1 to 
lOX per hour is described. 

2. The sensitivity of the instrument may be readily altered by sub- 
stituting different sizes of capillary tubing. 

3. By means of replaceable brass plugs the chamber volume of this 
instrument may be varied from 700 to less than 40X. 

4. No thermostat is required for the operation of the instrument at room 
temperature. 

5. It may be charged at one temperature and used at a widely different 
one. 

6. The chambers may be filled with any desired gas mixture. 

7. Two solutions may be mixed during the course of an experiment. 

8. The entire apparatus may be sterilized. 

The authors take pleasure in ejq>ressing their, gratitude to Mr. Makio 
Murayama, who prepared the photographs. Figs. 2 and 3. 
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THE UPTAKE* OF INORGANIC ELECTROLYTES BY 
THE CRAYFISHt 

By N. S. RUSTUM MALUF 

(From the Department of Zoology, Johns Hopkins University, Baltimore, Maryland, and 
theU.S. Fish Commission, Woods Hide, Massachusetts) 

(Received for publication, June 7, 1940) 

INTRODUCTION 

Ever since the latter part of the nineteenth century botanists have real- 
ized that plants are capable of accumulating minerals from fresh water, 
against concentration gradients, and have more recently made first attempts 
at unravelling the mechanism of the process (see for instance Hoagland, 
1923; Hibbard et al., 1926; Steward, 1933; Jacques and Osterhout, 1935; 
Rosenfels, 1935; Lundegirdh, 1937 and earlier). As far as the writer is 
aware, the first demonstration of such a kind in a fresh water member of the 
animal kingdom was made by Schumann (1928) who, in an apparently 
little read paper, showed that the newly molted amphipod crustacean, 
Gammarus pulex, can absorb Ca from very dilute solutions (1 to 10 mEq./l.). 
It is sometimes assumed that molluscs take up Ca++ from fresh water in 
the calcification of their shell. As far as is known, this has never been 
actually demonstrated and it may be just as likely that they accumulate 
Ca ingested with the food. Considerable preliminary work on the uptake 
of electrolytes by animals initiated by Koch and Krogh (1936), has recently 
been reviewed by Krogh (1939). In forms living in brackish water, with 
a saline concentration in the blood markedly higher than that of the envi- 
ronment, the phenomenon has been shown to occur in the shore crab, 
Carcinus maenas, by Nagel (1934). 

The crayfish (Cambarus clarkii in this work) appears admirably suited 
for studies on the nii> rha.nisms of this uptake since it is hardy, can with- 

•The word “uptake,” as used here, implies the transport of a solute against its 
concentration gradient. 

t This work was performed during the tenure of a Johnston Research Scholarship 
at the Johns Hnpkina University. The writer is much indebted to the Department 
of Zoology, to Professor S. O. Mast for many courtesies and for having .read and 
criticized the manuscript, and to Dr. P. S. Galtsoil for permission to make free use 
of the Fisheries Laboratories during two months. 
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stand several months without food (Brunow, 1911), exhibits a powerful 
capacity for Cl uptake as compared with other fresh water animals (ICrogh, 
1939), is of moderate size, readily obtained, and inexpensive. 

The concentration of the various ions (Na+, K+, Ca++, Cl“, S04“) in 
the external solutions was about 7.5 mEq./l. Their approximate milli- 
equivalence per liter in the blood of the cra3^h is 194 for Cl, 135 for Na, 
14.5 for K, and 16 for Ca++. The above figures for PotamoHus astacus 
(the European crayfish) were obtained from the data of Griffiths (1891) 
and Huf (1935) since they balance up better than do those of Lienemann 
(1938) for C. clarkii and do not have the abnormally low K value (= 3.1 
mEq./l.) of Bogucki (1934). The data, as a whole, indicate that the 
concentrations of the various inorganic electrolytes in the blood of P. astacus 
and C. clarkii are nearly identical. 

The cra)rfish were put in pure dilute solutions of NaCl, KCl, NaaS04, 
or CaClj. The attempt was made to ascertain whether the cation and 
anion of a given electrolyte are absorbed independently of each other and, 
if so, which ions are absorbed and which left behind. Since, at the outset, 
no Ca++ absorption could be detected the question arose as to whether 
Ca'*'*' is absorbed during hardening of the new cuticle at the molting period. 
An attempt is also made to evaluate the hypothesis that the uptake of Cl 
might be of significance in the discharge of respiratory CO*. Evidence 
for the anatomical site(s) of the uptake is presented. This paper can be 
regarded only as a preliminary step in the solution of the mechanisms of 
the uptake of inorganic electrolytes by animals. 

Material 

TTie crayfish were shipped by railroad from New Orleans by the Southern 
Biological Supply Company, in damp Sphagnum moss in batches of about 35 
and were received 2 days following. They were immediately put into a 
slanting wooden tank perforated at such a level as to permit some walking 
space free from the continuously renewed aerated tap water. Since cray- 
fish can live for a few months without food, the animals were not fed and a 
stock was completely utilized within a month or two. Only vigorous indi- 
^ viduals were used in the experiments. 

RESULTS 

1. SUe of Uptake of the Electrolytes . — ^The site of active uptake of electro- 
lytes, present in the body fluids of an animal, is commonly granted to the 
gills. This has been demonstrated for the anal gills of fresh water dipterous 
larvae by Koch and Krogh (1936). Koch (1934) found that the anal gills 
of the /nwng larvae and the internal face of the branchiostegites of living 
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prawns will accumulate Ag if put into 0.05-0.1 per cent AgNOs for a short 
time and was the first to suggest that the main function of the anal gills is 
the transport of ions against concentration gradients. 

If a living crayfish was briefly rinsed with distilled water and put into 
0.025 per cent AgNOa in distilled water in the dark it died in a little over 
an hour and, if subsequently put into 10 per cent formalin in the light with 
branchiostegites removed, to aid reduction of the silver, within a few days 
the gill stems and gill filaments acquired a dark brown color with a metallic 
sheen when seen in strong light. Other structures 
did not behave thus even though the individual 
used had but lightly pigmented pleopods and 
venter so that changes in their color could be 
readily noticed. Paraffin sections were made 
of the gills; the only stain used was eosin. It 
was found that the dull brown impregnations 
occurred only in the cuticle (Fig. 1, C) and were 
easily distinguished from the sparsely scattered 
bright yellowish brown melanin pigment of the 
cuticle. The hypodermis, H, was never im- 
pregnated. The experiment was repeated with 
similar results. It appears that the Ag im- 
pregnation was a veritable accumulation and 
not merely a diffusion since an animal placed 
in the Ag solution about 3 hours after it had been 
killed by decerebration did not absorb Ag. 

The uptake of inorganic electrolytes by a 
fasting animal does not occur by way of the 
alimentary tract. Enough phenol red was dis- 
solved in the tap water to give an intense red. 

Even a very small drop of the water could be 
rendered an intense red by ammoniacal vapor, 
immersed in such a solution and in 6 hours the kidneys, blood, alimentary 
tract, and the hepatopancreas were examined for phenol red by means of 
ammonia. The results were utterly negative and demonstrate that a cray- 
fish does not ordinarily drink (for further evidence, see Maluf, 1937 a). 
By the same method, it was found that, in a hypertonic medium, such as 
0.2 or 1.2 M NaCl, the crayfish does swallow some water; a probable ex- 
planation for this has been offered (Maluf, 1937 a). 

The above results and the fact that, in the absorption experiments below, 
the medium in which the cra 3 rfish was inunersed did not extend above the 
lower mar gins of the branchiostegites (the medium being pumped into the 



Fig. 1. Transverse section 
through the gill filament of 
an 18 gm. crayfish {Cambarus 
clarkii). C, cuticle; G, 
“branchial kidneys” of 
Cu^not; 5, hypodermal 
strands separating the effer- 
ent from the afferent blood 
sinuses; hypodermis — a 

syncytium. 

Two animals were fully 



154 


UPTAKE or INORGANIC ELECTROLYTES BY CRAYFISH 


gill chambers by the scaphognathites) make it very probable that, apart 
from Ca++ (see below), the electrolytes are taken up by the gill stems and 
gill filaments. 

2. R6le of the Uptake of Electrolytes, (a) Replenishment for Saline Loss . — 
There can be no doubt that the retention of Cl by the gills and the 
absorption of the same is an active process from the mere fact that a recently 
dead animal, even with mouth and anus plugged, loses Cl at a very marked 
rate while living controls from the same stock absorb the same. When an 
animal absorbs Cl from fresh water in which the Cl concentration is 0.197- 
0.216 mEq./l., while the Cl concentration of its blood is about 180 mEq./l., 
it appears pertinent to suppose that the process is of use to the animal. 
In some cases, the Cl concentration in 200 cc. of fresh water was diminished 
to such an extent by a 10 gm. animal within 24 hours as to yield no titrable 
value with the micro-methods below (i.e. was probably below O.IS/km Cl) 
and the AgNOs test was only barely positive. 

A crayfish in fresh water can compensate entirely for Cl lost in the urine 
by active Cl absorption. Thus, the daily rate of urine production by 
C. clarkii when fully immersed in fresh water is about 2.5 per cent of the 
wet weight (Lienemann, 1938). The Cl concentration of the urine can 
attain about 10 mEq./l. under normal conditions (Lienemann). The 
latter value is doubtless high since a correction was not made for the notable 
amount of water lost from the urine during the suction process of urine 
collection. Taking it at face value, however, a 10 gm. crajrfish may lose, 
by way of its kidneys, approximately 0.038 mEq. Cl per 24 hours. A 
partially starved animal, with both excretory orifices sealed, can show a 
rate of Cl absorption from fresh water (containing about 0.2 mEq. Cl/1.) 
of at least 0.069 mEq./lO gm./20 hours. In higher, but nevertheless blood- 
inferior, Cl concentrations the rate of Cl uptake is greater (Table I). 

Since Cl is not stored by tissues as far as is known, one would assume 
that a cra}rfish, in order to exhibit Cl absorption which is many times above 
that which could conceivably result from a mere storage of urine in the 
bladders, must have undergone Cl depletion. The crayfish, however, 
even on immediate receipt at all times of the year from the Southern 
Biological Supply Company, invariably displayed the capacity for Cl ab- 
sorption. The reason for this may have been due to deficient dieting before 
^pment. The Supply Company states that “these cra 3 rfish were brought 
in by our collectors and placed in tanks without food about two days prior 
to shipment to you. . . . They had been placed in approximately two to 
three inches of dty tap water in a large tank, one part of which was dry in 
order to enable the cra 3 ^h to come out and aerate themselves.” NotUng 



TABLE I 


Uptake of Inorganic Electrolytes by the Crayfish 


Crayfiah (iden- 
tical nos. refer 
to identical 
individuals) 

Weight in 
gm. and 
sex 

Dura- 
tion of 
experi- 
ment 

Type of 
solution 

Initial concn. 
in m£q./l. 

mEq. absorbed per 10 gm. per 20 hrs. 

Date 

Cl 

Na 

K 

Ca 

SO 4 



krs. 









1 

14.4^* 

14.2 

NaCl 

7.35 

0.234 

0.202 




Dec. 10-11 

2 

18.89 




0.075 

0.172 

— 

— 

‘ — 


la 

14.39 

19.0 

NaCl 

7.25 

0.066 

0.0735 

— 

— 

— 

Dec. 31- 

2a 

11.79 




0.117 

0.090 


— 

— 

Jan. 1 

1 

(As above) 

14.5 

KCl 

7.60 

0.00 

— 

0.00 

— 

— 

Jan. 8-9 

2 

If II 




0.02 

— 

0.00 

— 

— 


1 

II II 

17.0 

NaCl 

7.80 

0.164 

— 

— 

— 

— 

Jan. 11-12 

2 

II II 




0.100 

— 

— 

— 

— 


1 

II II 

16.3 

KCl 

■23 

0.020 

— 

— 

— 

— 

Jan. 12-13 

2 

II II 




0.00 

— 

— 

— 

— 


la 

II II 

18.5 

KCl 

8.10 

0.106 

— 

— 

— 

— 

Jan. 13-14 

2a 

II II 




0.018 

— 

— 

— 

— 


la 

II II 

17.0 

NaCl 

7.90 

0.105 

— 

— 

— 

— 

Jan. 14-15 

2a 

II i( 




0.166 

— 

— 

— 

— 


la 

II II 

18.0 

KCl 

7.80 

0.031 

— 

0.00 

— 

— 

Jan. 16-17 

14 

27.1rf' 

20.0 

KCl 

7.80 

0.059 

— 

0.00 

— 

— 

Jan. 18-19 

15 

19.49 




g»W»V»l 

— 

-0.010 

— 

— 









(a loss) 




16 

TQ.Srf* 




0.027 

— 

-0.017 

— 

— 









(a loss) 




14 

(As above) 

24 

NaCl 

8.40 


0.077 

— 

— 

— 

Jan. 22-23 . 

IS 

II II 





0.159 

— 

— 

— 


16 

46 44 





0.158 

.. 

— 



14 

46 46 

20.7 

Na>SO« 

7.35 

— 

0.0356 

— 

— 

0.000 

Feb. 14-15 

15 

II II 




— 

0.0772 

— 

— 

0.000 


16 

II II 




— 

0.0687 

— 

— 

0.000 


14 

II II 

23.5 

Na«S04 

■ESI 


0.0502 

— 

— 

0.000 

Mar. 2-3 

15 

II II 




— 

0.0345 

— 

— 

0.000 


2 (hard-shell) 

II II 

23.0 

CaCli 

7.40 

EMI 

— 

— 

0.000 

— 

Mar. 15-16 

X (molted Mar. 7) 

8.3cf 




0.105 

— 

— 

0.42 

— 


iO (hard-shell) 

ll.lcf 

22.0 

CaCli 

7.40 


— 

— 

-0.016 

— 

Mar. 18-19 









(a loss) 



X 

(As above) 





— 

— 

0.284 

— 


40 (preparing to 

13.5cf 





— 

— 

0.188 

— 


molt; gastro- 











liths fully de- 











veloped) 











32 (hard-shell) 

14.5 

24.0 

CaClt 


0.0575 

— 

— 

0.000 

— 

Mar. 22-23 

m (molted late 





0.0537 

— 

— 

0.000 

— 


in Dec., kept 











in tap vrater) 

HIH 










42 (hard-sheU) 





0.0354 

— 

— 

0.000 

— 


Ic 

9.0 

12.7 

NaCl 

7.68 

0.256 

— 

— 

— 

— 

Aug. 26-27 

2c 

9.25 


NaCl 

7.68 

0.243 

— 

— 

— 

— 


3c 

8.0 


NaCl 

7.68 

0.270 

— 

— 

— 

— 


4c 

8.2 


CaClt 

14.9 

0.173 

— 

— 

— 

— 


5c 

7.0 


CaCls 

14.9 

0.025 

— 

— 

— 

— 


Id 

8.0 

13.2 

NaCl 

8.02 

0.208 

— 

— 

— 

— 

Aug. 27-28 

2d 

9.0 


NaCl 

8.02 

0.171 

— 

— 

— 

— 


3d 

10.4 


NaCl 

8.02 

0.160 

— 

— 

— 

— 


4d 

7.0 


CaClt 

8.45 

0.00 

— 

— 

— 

— 


5d 

8.6 


CaCli 

8.45 

0.104 

— 

— 

— 

— 


6d 

7.3 


CaClt 

8.45 

0.122 

— 

— 

— 

— 


Id 

(As above) 

12.0 

CaCk 

8.45 

0.00 

— 

— 

— 

— 

Aug. 29-30 

2d 

II i« 


CaCls 

8.45 

0.144 

— 

— 

— 

— 


3d 

M M 


CaCls 

8.45 

0.104 

— 

— 

— 

— 


4d 

If If 


NaCl 

8.02 

0.087 

— 

— 

— 

— 


5d 

M M 


Naa 

8.02 

0.115 

— 

— 

— 

— 


6d 

M M 


Naa 


0.206 

““ 
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was known, apparently, of the state of nutrition of the animals upon 
capture. 

(b) Release of Respiratory CO*. — ^In 1937 Ferguson, Lewis, and Smith 
noted that the activity of carbonic anhydrase in various marine inverte- 
brates is greatest in the gills, less in the muscles, and practically nil in the 
blood. They stated that this enzyme may be of importance in the dis- 
charge of CO* by the gills but nevertheless pointed out that, if such is the 
case, it would be “hard to see how bicarbonate ions could enter the cells 
of the gill to be changed to CO*, except by exchange with some anion 
of the gill cell, e.g. chloride ion. ... To make such a scheme acceptable a 
mechanism for replenishing the chlorides in the gill cells would have to be 
foxmd.” Lundeg&rdh (1933, 1937) has noted that the ratio of the rate of 
CO* evolution to anion absorption is approximately constant in the root- 
lets of healthy barley plants; that this ratio differs with different anions 
(Cr, NOr, SO 7 ); and that the absorption is continuous. On the other 
hand, in frogs and fresh water fishes (/.e. in erythrocyte-possessing animals), 
Krogh (1937 a, h) has found that Cl absorption is not continuous but only 
follows Cl depletion of the tissues. In such animals, then. Cl absorption 
cannot be of respiratory significance. 

A comparison of the rates of CO* output and of Cl uptake by the crayfish 
(Cambarus darkii) courts the apparently inevitable conclusion that Cl 
absorption is of no respiratory significance in this animal since the rate 
of CO* output (= ca. 3.0 m£q. COs/10 gm./20 hrs. at 25°C., according to 
Maluf, 1937 b) is many times in excess of the net rate of Cl absorption from 
fresh water even by the partially starved animal (= ca. 0.069 mEq., 
Cl/10 gm./20 hrs. at 25°C.). Furthermore, the Cl-absorbing capacity of 
the crayfish {Potamobius astacus) has been noted by Krogh (1939) to be 
“very powerful” compared with that of other fresh water animals; it there- 
fore seems most unlikely that Cl uptake is of any respiratory significance in 
animals. 

It was nevertheless considered of interest to measure the carbonic an- 
hydrase activity of the gills of the crayfish and to compare this activity 
with that of other tissues of the same animal. The measurements were 
made at Woods Hole with the same apparatus used by Ferguson et al. 
The activity, E, is expressed per gram of fresh tissue at 15°C. at 50 per cent 
completion of the reaction. The tissues were pooled from six healthy 
animals. 

The carbonic anhydrase activity of the gills, in the crayfish too, is 
markedly greater than that of other tissues. The blood of this invertebrate, 
however, shdws a definite carbonic anhydrase activity. 
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Crayfish 


(Carbonic Anhydrase. Activity) 



Gills 

Whole blood 

Hepatopancreas 

Integument 

(hard^uticle) 

Abdominal 
somatic muscles 

E 

80 

26 

17 

15 

15 


Since carbonic anhydrase will accelerate any reaction in which the forma- 
tion or decomposition of carbonic acid is the limiting reaction (Meldrum 
and Roughton, 1933) and since it may thus be of importance in the deposi- 
tion and dissolution of CaCOs in the cuticle^ of Crustacea, measurements 
were made of the carbonic anhydrase activity of the integument of the lob- 
ster (Homarus americamts) at pre-molt, post-molt, and hard-cuticle periods 
and upon other tissues of the lobster for comparison. As the following 
table shows, the hypodermis of the hard integument has practically the 
same carbonic anhydrase activity as the new integument shortly prior to 
molting and as the soft parts of the hardening integument following molt- 
ing by about 1 week. All the activities are relatively low. The integu- 
mental samples were obtained from the branchiostegites where they are 
practically free from extraneous tissue. 


Lobster 

(Carbonic Anhydrase Activity) 



Gills 

Abdominal 

somatic 

muscles 

New integu- 
ment prior to 
molt 

Soft part of 
hardening 
integument 

1 week after 
molt 

Hypodermis 
of hard 
integument 

Crop tissue 

E 

19-22 

20 

19 

17 

16 

17 


3. Manner of Uptake of the Electrolytes from Blood-Infertor Solutions . — 
It will be noted from Table I (Dec. 10-11, Dec. 31-Jan. 1, Jan. 22-23) that, 
in pure NaCl, Na+ and Cl“ are not absorbed at strictly identical rates. 
The corresp>ondence is quite close but the differences exceed the limits of 
error. In pure KCl, K+ is not taken up at all while the rate of Cl“ uptake, 
by the same individuals, is generally lower than that in NaCl of approxi- 
mately the same normality (Jan. 8-9, Jan. 11-12, Jan. 12-13, Jan. 13-14, 
Jan. 14-15, Jan. 16-17, Jan. 18-19, Jan. 22-23). This indicates that NaCl 
is absorbed, partly at least, in molecular form. The results also show that 
Cl- can be taken up independently of the cation. In the intervals between 
such experiments involving back-and-forth transfer between two -different 

* The cuticle is the entire non-living component of the integument. 
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solutions, the animals were returned to individual battery jars containing 
distilled water. 

In pure NaiS 04 , the SO 7 is left behind entirely (Feb. 14-15, Mar. 2-3) 
while the Na+ is absorbed at a rate lower than that from the same nor- 
mality of NaCl (compare Jan. 22-23 with Feb. 14-15) even though the 
same animals were subjected to distilled water in separate jars for over 3 
weeks between the NaCl and NajS 04 runs. These experiments show that 
the Na+ can be absorbed independently of the anion and indicate that NaCl 
is, to a large extent, taken up as a whole molecule; which, latter, is a con- 
firmation of an identical statement in the previous paragraph. 

From pure CaCl*, a hard-cutided crayfish not preparing to molt will 
leave the Ca++ behind and generally absorb some Cl“ (Mar. 15-T6, Mar. 
18-19, Mar. 22-23, Aug. 26-30). An animal which has recently molted 
or which is preparing to molt will absorb Ca++ but not necessarily the Cl~ 
complement (Mar. 15-16, Mar. 18-19). This demonstrates that Ca+''' can 
be taken up independently of the anion and that, unlike conditions with 
NaCl, the Ca'^ and Cl“ are not absorbed together. The rate of Cl absorp- 
tion, by the same individuals, from CaCU is notably less than from NaCl 
of about the same normality (Aug. 26-30, Mar. 15-23), which corroborates 
the above statements that Na'*’ and Cl" are absorbed largely as NaCl. The 
periodic uptake of Ca++ during spedfied conditions, the unusually high rate 
of its uptake as compared with Na+ or Cl" when taken alone, and the 
evidence that, unlike Na+, it is not absorbed together with the Cl" compo- 
nent, all strongly suggest that Ca++ is probably not absorbed through 
the gills but deposited directly in the cuticle, as CaCOs, presumably through 
the agency of some enzyme. 

4. Active Uptake of Calcium and the Hardening of the Integument after 
Molting. — It was shown in the previous section that a newly molted crayfish 
will take up Ca++ at a rate higher than that of the other ions absorbed 
(Na+ and Cl") and that a hard-cutided animal will not absorb any appre- 
ciable quantity of Ca++ unless it is preparing to molt. It appears that a 
large fraction of the Ca required for the new cutide is furnished in this 
D^ay; The Ca++ concentration of fresh water bodies may be of importance 
in determining the existence of crayfish in such. After the above results 
were obtained. Dr. John H. Lochhead kindly called my attention to Schu- 
mann’s (1928) paper in which it is shown that newly molted Gammarus 
pulex, a fresh water amphipod, absorbs Ca from concentrations as low as 
1 to 10 mEq./l. and that su^ an animal cannot develop and breed in bodies 
of water with a Ca concentration lower than 0.26 mEq./l. The “hard”- 
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cuticled G. pulex does not absorb Ca. These results are in accord with 
those here presented for the crayfish. 

One of the few crayfish which molted in the laboratory was placed in 
distilled water a few hours after molting. Following the molt it was lying 
on its side apparently incapable of normal posture; the pincers were soft 
and immobile; the cuticle was so soft that when the animal was lifted up 
its limbs fell limply; the limb segments were readily pliable; it was capable 
of flipping its abdomen vigorously when touched; the scaphognathites beat 
rhjdhmically; and the chelipeds, walking legs, antennae, and eyes moved 
frequently and ‘spontaneously’. Its weight, added to that of the exuvium, 
showed that it had absorbed water to the extent of about 51.5 per cent of 
its body weight as measured 3 weeks before the molt. The animal had not 
been fed and showed no appreciable increase in its dimensions. In 24 hours 
the daws were capable of movement and hardening of the cuticle had 
progressed slightly. The animal attempted to assume the upright posture 
every now and then. In about 55 hours the upright position was held 
indefinitely. The cuticle appeared to undergo no further hardening even 
after the lapse of 2 months at which time the animal died without apparent 
cause. The per cent raw ash in the cuticle of the carapace of this animal 
was only 25.6 of the dry weight as compared with 40 or more for a hard- 
cuticled animal. 

Another individual was kept in tap water after molting and showed a 
definitely more progressive picture, as regards hardening of the cuticle 
within a given time interval, than the above animal which was not permitted 
any foreign source of Ca after molting. Distilled water does not appear 
to have any directly deleterious effect on crayfish since they are capable 
of living in it indefinitely; it therefore seems most probable that the results 
here described are due merely to the absence of Ca from the distilled water. 
These data are necessarily meager but suggestive. 

It is appropriate to know how much of the raw ash and organic material 
in the old cuticle is resorbed during molting, more especially since such 
data apparently have not hitherto been available for any fresh water 
crustacean. Knowledge concerning this was made possible partly by the 
fact that a crayfish was weighed a few weeks before molting; hence its 
normal weight was known, since a fasting crayfish decreases in weight only 
very slowly with time. The exuvium of the animal was dried and ashed. 
To obtain further pertinent data, hard-cuticled crayfish were dried, weighed, 
and a^ed. The integument of a hard-cuticled crayfish, not preparing to 
molt and with a heavily melanized abdominal venter, was scrupulously 
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freed of all adherent material including hypodermis. The limbs were 
indsed longitudinally and their insides scraped free of tissue. From such 
a preparation the raw ash and organic material (by difference) fractions 
were obtained. Other crayfish were dried and the per cent dry weight, of 
the total weight, obtained. The data are summarized as follows: 


Total weight of cra3rfish a few weeks before molting 17.5 gm. 

Per cent dry weight of total weight 26.0 

.*. Total dry weight 4.55 gm. 

Per cent dry cuticle of total dry weight 80.4 

Weight of cuticle 3.66 gm. 

Per cent ash (chiefly CaO) in the cuticle 37.8 gm. 

Weight of ash in cutide 1.38 gm. 

But weight of ash in the exuvium of the 17.5 gm. animal . . 1 .325 gm. 

.*. Amount of raw ash resorbed 0.055 gm., or 

3. 98 per cent of the 
original. 


Per cent organic material in the dry cutide 62.2 

Amount of organic material in dry cuticle 2.28 gm. 

But weight of organic material in the exuvium of the 1.75 

gm. animal 2 . 228 gm. 

.’. Amount of organic material resorbed 0.052 gm., or 

2,28 per cent of the 
initial. 


The fact that a fasting crayfish does not increase appreciably in dimen- 
sions following molting, in itself indicates that shedding involves an unneces- 
sary loss. The fact that only about 4 per cent of the raw ash of the old 
cuticle is resorbed and that the animal loses about 84 per cent of the total 
amount of ash in the body, by far the chief mineral of which is Ca, corrobo- 
rates such a view. 


Methods 

The crayfish was wrapped in a dry towel and left thus for a few minutes to remove 
excess moisture. The water in the branchial chambers and various grooves of the body 
was then drained by tap suction and the animal, induding its branchial chambers, was 
irrigated with the solution like that {i.e, from the same stock) in which it was to be 
immersed. It was then put into a 15 X 7.5 cm. crystallizing dish, containing 200 cc. of 
the solution, with the cover supported by a 0.5 cm. (diam.) glass rod across the mouth. 
The solution in the dish did not extend far above the lower margins of the branchio- 
stegites but it was deep enough to be pumped into the branchial chambers by the 
scaphognathites ad Ub. Identical crystallizing dishes without crayfiish were main- 
tained as controls. The room temperature varied from 24r-27^C. In the later experi- 
ments it was hot considered necessary to plug the excretory orifices (see Maluf, 1939) 
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or drain the bladders before introducing the animals into the solutions inasmuch as 
it can be shown that the maximum amount of urine that can be stored in both bladders, 
of a 10 gm. animal for example, contains no more than ca. 0.0023 m£q. Cl and much 
less Ca*^'*’ and K. Unlike C. hartoni (Maluf, 1939), however. Cl absorption by C. darkii 
does not seem to be notably affected by the dental plugging cement. 

Chemical Analyses. — ^All the methods involved the use of a Linderstr^m-Lang-Keys 
microburette. This was of 250 c.mm. capacity, divided into cubic millimeters, and of 
uniform bore as shown by measurements of the length of a drop of mercury at all levels. 

Standard solutions of three different concentrations of each electrolyte, closely 
surrounding the encountered range, were made up and the value of an unknown ascer- 
tained by interpolation. All analyses were made in duplicate or triplicate. 

Chlorin. — ^To 1 cc. of the medium in a 9 X 75 mm. test-tube was added 0.5 cc, ca. 
0.04 N AgNOa in 68-70 per cent HNO3; the test-tubes were capped with glass bulbs and 
heated in boiling water for 15 minutes; 0.1 cc. ferric ammonium sulfate was used as 
indicator and 1 cc. of pure ethyl alcohol was added to enhance flocculation of the AgCl. 
Titration was with ca. 0.1 n NH4SCN. For the analysis of Cl in fresh water the same 
volumes of reagents were used as stated in a previous paper (Maluf, 1939). The accu- 
racy, as shown by triplicates and recovery from standard solutions, was within 1 per cent. 

Sodium plus Potassium was measured by Krogh’s (1938) modification of Linder- 
strj^m-Lang’s (1936) technique. Tamworth ^'Glasbake** centrifuge tubes (Tamworth 
Associates, Tnc., Needham Heights, Mass.) were substituted for the ‘‘supremax’* glass- 
ware. To remove the NH4CI and (NH4)2C03 formed during the procedure, the centri- 
fuge tubes were ignited at 330-360®C. for 2 hours. The aliquots from the supernatant 
liquids were drawn by means of self-improvised carefully calibrated pipettes of the 
constriction type with fine tips. The accuracy was within 2 or 3 per cent. 

Calcium. — ^To 1 cc. of the ca. 7.5 mEq./l. solution in a 15 cc. ‘‘Glasbake” centrifuge 
tube was added 0.5 cc. concentrated NH4OH and the whole heated at 50-60®C. in a 
water-bath for 5 minutes while stirred with C 02 -free air. 1 cc. 0.2 n NH4 oxalate was 
added; the tube was stoppered and allowed to stand overnight. Wang’s (1935) method 
of washing was adopted except that, in our relatively pure solutions, only one washing 
was considered necessary. Ignition was according to the method of Siwe (1935). 
The residue was completely dissolved, with the aid of a fine glass rod, i-.' 1.4 cc. 0.015 n 
HCl and the excess acid titrated with 0.1 n NaOH to a weak red with phenolphthalein 
as indicator. The air current for stirring had been rendered C02-free. The accuracy 
was within 3 per cent. 

Sulfate was measured essentially according to 011gaard’s (1934) technique adapted 
to suit the larger quantities used in this work. To a 2 cc. sample of the ca. 7.5 m£q./l. 
solution in a 15 cc. pyrex centrifuge tube was added 0.1 cc. 99.5 per cent glacial acetic 
acid. After mixing, 5 cc. of freshly made 1 per cent benzidin in sulfate-free acetone 
were added and the whole mixed and allowed to stand for about an hour. The tubes 
were then centrifuged at about 2,000 r.p.m. for 5-6 minutes; the supernatant liquid 
was decanted as completely as possible without disturbing the residue. 10 cc. sulfate- 
free acetone were added to the residue without expressly breaking up the latter and the 
tubes centrifuged at about 2,000 r.p.m. for 5-6 minutes; the supernatant liquid was 
decanted and the adherent acetone allowed to evaporate. To each residue was added 
0.35 cc. ca. 0.1 N carbonate-free NaOH. Each tube was then individually immersed in 
a bath at 75-80®C. and the residue and white particles on the lower wall of the tube 



162 


UPTAKE OF INORGANIC ELECTROLYTES BY CRAYFISH 


completely dissolved by means of a very fine glass rod. Without permitting cooling to 
the extent of solidification of the formed benzidin hydrate, the tube was placed in a 
250 cc. beaker containing water at about 70®C. and 4 cc. of the alcoholic ammoniacal 
solution added. The h'quid remained clear and colorless. Titration, while still in the 
warm water beaker, was with standardized 0.1 n BaCl* soon after adding 1 or 2 small 
drops of ca. 0.001 per cent Na rhodizonate (Eastman) made up within ^ of an hour 
before the titration. The end-point was a sharp bluish red. The accuracy was within 
2 per cent as shown by duplicates and recoveries from standard solutions. 

The carbonic anhydrase activity of the gills and various tissues was measured accord- 
ing to the method described by Meldrum and Roughton (1933), Brinkman, Margaria, 
and Roughton (1933), and Ferguson, Lewis, and Smith (1937). Extraction was per- 
formed by freezing the briefly water-rinsed tissues, macerating thoroughly while frozen, 
and then suspending in ten times their weight of distilled water. The extracts, with a 
drop of toluene, were kept in a refrigerator at about 5**C. for about 20 hours before use. 
The manometer bath was set at 15“. 


DISCUSSION 

One of the first questions which arises is whether the electrolytes are 
taken up as molecules or as ions. It is shown, in the present work, that the 
crayfish can take up the anion component of a dissolved electrolyte inde- 
pendently of the cation component and vice versa. Taking a specific ex- 
ample, Cl“ is absorbed from KCl and K+ is left behind. One might, how- 
ever, suppose that the Cl“ is absorbed as HCl and that the K+ is left 
behind with the hydroxyl moiety of the water molecule. In support of 
such a supposition is the low electrical conductivity of certain cell walls 
and protoplasmic membranes, which, evidently, can permit but little 
dissociation (see the reviews of Osterhout, 1933, 1936). The following 
phenomena are against such a theory: (1) The bioelectrical effects imply 
appreciable permeability of the bounding membranes to certain ions at 
least (Osterhout, 1933*); (2) HCl and other mineral acids are known to 
enter living cells with difficulty, especially as compared with metallic 
hydrates (Jacobs, 1922; Osterhout, 1936; and others). 

It is here shown that K+ is not absorbed but that Na+ is absorbed. It 
is thus dear that the uptake of ions is not necessarily correlated with 
their mobilities. 

• The uptake of Cl“ from KCl, from which the cation is not absorbed, and 
the uptake of Na*** from NasS 04 , in which the anion is not absorbed, prob- 
ably implies two separate mechanisms: one which takes up the cation and 
the other the anion. The fact that Cl~ is absorbed generally at a faster 
rate in NaCl than in KCl or CaCli, from which the metallic ions are either 

* Osterhout, W. J. V., Permeability in large plant cells and m models, Ergebn. Physicd., 

1933, 85, lOia, 1013. 
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not absorbed (Ca++, ordinarily, and K+) or else are absorbed independently 
of the Cl“ (Ca++ in newly molted and about-to-molt individuals), indicates 
that Na+ and Cl~ are taken up largely together in molecular form — which 
may require a third type of mechanism. Since Ca++ is taken up only during 
specified periods, and then at a notably higher rate than that generally 
observed for Na"*" or Cl“ when such are absorbed alone, it appears that there 
is a fourth type of mechanism for Ca++ absorption. It is possible that 
through the agency of some periodically secreted hypodermal enzyme, 
Ca is deposited as CaCOs at the cuticle and might not actually enter the 
body. Reasons are given for the belief that the Na+ and Cl~ are absorbed 
by the gills. 

Our results support the statement of Krogh (1937 c) that “the selectivity 
of the transport mechanism is too high” to be readily explicable on the basis 
of an E.M.r. as the driving force, and Osterhout (1936) has pointed out that 
“if the surface charge determined the entrance of electrolytes it is difficult 
to see how both anions and cations could enter in equal numbers, as happens 
in Valonia [a marine alga]; for a negative charge would inhibit the entrance 
of anions and a positive charge that of cations.” As already stated, we have 
presented good evidence that Na+ and Cl“ are taken up together as NaCl 
or else are taken up in such a way that they mutually aid each other. This 
is apparently inexplicable by surface charges. 

In reference to the marine alga, Valonia, Osterhout (1936 and earlier) 
has piled up considerable evidence which suggests that the accumulation 
of K+ in this organism can be explained on the basis of the higher chemical 
potential of K+, OH~ in the sea water than in the cell sap, the KOH ac- 
tivity gradient being due to acid metabolites of the cell sap which keep the 
pH of the sap markedly lower than that of the sea water. Such an ex- 
planation is admittedly inapplicable to fresh water forms (Jacques and 
Osterhout, 1935), in which no such differences in pH exist and in which the 
concentration gradients are much steeper (see also Steward, 1935, and 
Hoagland and Broyer, 1940). 

The active transport of inorganic molecules is doubtless intimately cor- 
related with the metabolism of the cell but no general explanation for such 
has as yet appeared. At present, the simplest explanation for the uptake 
of Cl~ from KCl (in which K+ is left behind) is the assumption that this 
occurs in exchange for catabolic HCOi" and that the uptake of Na+ from 
NatSOi (in whieffi SO:r is left behind) occurs in exchange for catabolic 
NHJ . (According to Brunow, 1911, 30-40 per cent of the total non-protein 
nitrogen eliminated by the crayfish is N^-N; according to Delaunay. 
1931 and earlier, about 60 per cent of the non-protein nitrogen in crayfi^ 
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urine is NHs— N.) No mere ionic exchange, however, seems capah-W ot 
ei^laining why the uptake of Cl from NaCl (in which both Na'*' and Cl'- arc 
taken up) is generally greater than the uptake of Cl~ from KCl (in which the 
cation is left behind). The absorption of Na+ and Cl" is so intimately 
correlated as to make it evident that both ions are absorbed largely as one 
molecule. 

Krogh (1939) has remarked that the crayfish {Potamohius astacus) does 
not take up Ca++; it appears very probable, from the present work, that 
he was dealing only with hard-cutided animals not preparing to molt. 
The work of Irvine and Woodhead (1889) indicates that the shore-crab 
(presumably Carcinus mamas) requires CaClj in sea water to harden its 
cuticle. Robertson (1937) has shown, by macro-analysis of samples of the 
natural sea water at intervals of about 7 days, that the soft-cuticled post- 
molt C. mamas absorbs notable quantities of Ca++ from the sea water. In 
addition, some Cl" absorption was recorded. Since the diffusible, i.e. 
non-protein bound, blood-Ca'^'*' of these animals is considerably higher than 
that of the sea water (Robertson) it is clear that even a marine crustacean 
can take up Ca++ from the exterior against the concentration gradient. 
The gradient, however, is relatively shallow in this case. 

That the gastroliths can be of no significance in the calcification of the 
cuticle, due to the small quantity of calcareous material of which they are 
composed, has long been realized (Oesterlen, 1840; van der Hoeven, 1846 - 
55). In Cambarus clarkii the raw ash which constitutes both of the ap- 
parently fully developed gastroliths is only about 3.16 per cent of the total 
ash in the integument of a hard-cuticled animal. 

SUMMARY 

1. Reasons are given for believing that the uptake of Na+, Cl", and NaCl 
by the crayfish occurs through the gills. 

2. A crayfish in fresh water, with a Cl concentration of about 0.2 mEq./l., 
can, by active Cl absorption, compensate entirely for Cl lost in the urine. 

3. The carbonic anhydrase activity of the gills is markedly higher than 
of other tissues of the crayfish, but the equivalent CO* output of the 

crayfish is far in excess of the equivalent Cl absorption per unit time and 
weight and thus fails to warrant the supposition that Cl absorption is of 
respiratory importance. 

4. The carbonic anhydrase activity of the soft integument of the lobster, 
before and after molting, and of the hypodermis of the hard-cuticled animal 
is almost identical and of the same order as that of other tissues of the lob- 
ster. 
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5. The concentration of the electrolytes was about 7.S mEq./l.; 
considerably lower than in the blood of the crayfish. Cl~ can be taken up 
independently of the complementary cation. Na+ can be take^ up inde- 
pendently of the complementary anion. K+ and SO7 are not taken up at 
all. In pure NaCl, the Na+ and Cl“ are absorbed evidently largely to- 
gether. Ca++ is absorbed only in newly molted animals and in animals 
preparing to molt but is not absorbed by hard-cuticled animals not pre- 
paring to molt. Ca"*^ is taken up independently of Cl"" in pure CaCls. 

6. Newly molted animals absorb Ca++ at a rate exceeding that of the 
absorption of other absorbable ions (Na+ and Cl”) in the same equivalent 
concentration. 

7. A crayfish utilizes the Ca++ in fresh water in the calcification of its 
cuticle. Since the animal does not swallow water, the Ca++ must enter 
through the exterior. Reasons are given for believing that, unlike Na+ and 
Cl”, Ca+‘** is absorbed directly from the exterior by the integument and 
does not enter the body through the gills. 

8. During molting, only about 4 per cent of the raw ash and 2.3 per cent 
of the organic material of the old cuticle is resorbed. 
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It has been known since the time of Alexander Schmidt (32) that throm- 
bin disappears rapidly from the serum after blood clotting. Isolated 
prothrombin and thrombin preparations vary in stability on keeping and 
on heating (8, 21, 30), and thrombinolysis by added trypsin is known to 
reduce its effectiveness in clotting blood (7, 11). A study of the kinetics 
of the reduction in coagulant activity of thrombin preparations, (o) held 
under controlled physical conditions, (6) as influenced by added trypsin, 
and (c) in the presence of serum, might be expected to shed light on the 
mechanism of thrombin inactivation. 

Any factor which prolongs the clotting time of fibrinogen by thrombin 
might very well be termed an “antithrombin,” but the term suffers from 
various ill-defined restrictions of usage. A distinction may be drawn be- 
tween thrombin-inhibitors which produce their full effect immediately and • 
those which act progressively. Examples of “immediate” antithrombic 
action are the effects of pH, salts, etc., especially including polyvalent 
anions and heparin (12, 16). Thrombinolysis is essentially a “progressive” 
phenomenon, and since the progressive character of the classical antithrom- 
bins has long been recognized (4, 17), there is obvious need for clarification 
of the relations between thrombinolysis and the antithrombic action of 
serum in vitro and in vivo. The present enquiry into the general charac- 
teristics of the process of progressive thrombin inactivation {in vitro) may 
assist in the approach to these problems. 

I 

Reagents and Methods 

Full details of our routine methods of preparing the various clotting 
agents are given in a previous publication (9). Appended are ^me addi- 

* This work was assisted by a grant from the Horace H. Rackham Fund. Some of 
the results were presented, in abstract, at the New Orleans meetings of the American 
Physiological Society in March, 1940. 
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tional technical considerations relating to modifications of the methc^ s 
and the special requirements of the current investigations: 

Preservation of Reagents; Apparatus Used; etc, — ^Low temperatures (ice box) are used 
for the preservation of solutions. In all cases, a few crystals of thymol are added to 
prevent bacterial growth. The glass electrode (Beckman pH meter) is used to control 
pH, and the specified temperatures are maintained (:t0.5®C.) with a thermostat water 
bath. A mechanical rocking device and stop watch are used in timing coagulati<»*n 
(see below). 

Prothrombin Solutions.— The Howell-type “prothrombin papers,” each correspondi>g 
to 5 cc. of filtrate from defibrinated (55®C.), Berkefelded, citrated dog plasrja, ^*0 
extracted in the cold for 1-2 hours with distilled water and a drop or two of O.i per ceM. 
NaHCOs. The pH of the filtered extract is adjusted to pH =« 7.2 with n/10 acetic acid. 

Activity.— In some recent tests, kindly performed for us by Dr. H. P. Smith (Iowa), 
it was found that the activity of such prothrombin solutions represents some 57 per cent 
of a corresponding volume of (average) dog plasma. 1 cc. of solution (3 papers -|- 60 cc. 
water) contained 1.25 mg. (total) N and assayed 47 prothrombin “units” (Smith et al. 
(36)); i.e.f activity - 38 units per mg. N. 

The nitrogen (protein) content of the prothrombin solution was sometimes reduced 
by submitting the above salt-poor extract to isoelectric precipitation (pH = 5.3). 
On redissolving to original volume and routine pH (7.2), there was no significant loss 
in potency. Other prothrombin methods were tried, e.g. Mellanby's (21); also various 
adsorbed and eluted preparations (e.g. (34)), without finding any significant modification 
of the properties to be described. There was a suggestion that preliminary Berkefeld 
filtration of the plasma favored the subsequent preparation of a more stable prothrombin, 
but details have not been worked out. 

Thrombin. — ^Is formed from prothrombin solution by activating to maximal coagulant 
activity with optimal amounts of n/10 CaCU and a thromboplastic agent (cephalin or 
brain thromboplastin — see below). The pH is finally adjusted to 7.0 (unless otherwise 
stated). Like Mellanby (21) and others (35), we found that the final thrombin could 
be precipitated by acetone. The precipitate, whether dried immediately or kept under 
the acetone, has yielded active preparations, even after several months (ice box). 

Thromboplastin. — The cephsdin has been described previously (9). After some 2 
years under alcohol it suffered considerable loss of potency and yielded solutions of 
noticeable acidity. A crude but potent thromboplastin is prepared by grinding up dog 
brain (fresh or frozen) with distilled water, diluting, and centrifugalizing. A desiccated 
preparation was also made by precipitating a saline (0.85 per cent NaCl) extract of brain 
with four volumes of acetone, recovering the deposit on a Buchner funnel, and drying 
^at room temperature. Aqueous suspensions were made up as required. 

Fibrinogen. — (NH^sSOi-fibrinogen is made from Berkefelded plasma in the usual 
way (9). A low salt content favors a sharp end-point in the clotting test (see below); 
hence the use of water, rather than saline, as the solvent and the avoidance of citrate 
(or oxalate), which might be desirable, theoretically, to control traces of prothrombin 
(8). Actual tests reveal little or no prothrombin, provided that the fibrinogen is made 
from Berkefelded plasma several days old and particularly if a well diluted fibrinogen 
solution is employed. It is unnecessary to resort to the previously recommended 
adsorption techniques (9) for getting rid of the last traces of prothrombin. Lyophilized 
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fibrinogen (10) has been found to lose all traces of prothrombin on simple keqping, but 
was not used in the current experiments. A new and easy method of preserving fibrino- 
gen consists in dissolving the final salted-out protein in 20 per cent urea solution. Stored 
in the ice box, such preparations keep for several weeks. At low temperatures the urea 
protects the fibrinogen from denaturation, according to Diebold and Jiihling (5). It is 
restored to a state closely resembling the original on removing the urea (a) by dialysis 
through Visking casing or (6) merely by diluting (10-30 times) to a point at which the 
urea ceases to exert a significant influence on clotting (16). Traces of prothrombin, if 
present in the fibrinogen, are apt to be preserved also and occasionally lead to some 
thrombin formation which causes traces of dot to appear in the recovered fibrinogen. 
Any unstable fibrinogen preparation, of course, is discarded. 

Crystalline Trypsin , — Is 7iow available commercially.^ The preparation we used 
contained 0.022 mg. protein N per mg. of sample. 

Serum . — The mode of preparation and testing of serum antithrombin will be described 
in the appropriate section. 

Barbiturate Buffer . — In certain experiments, involving alteration of the pH of the 
thrombic mixtures, constancy of the hydrogen ion concentration in the actual thrombin- 
fibrinogen interaction was secured by adding an equal volume of n/10 barbital-Na 
(Michaelis (24)), at the routine pH (7.2), to the fibrinogen solution, and checking with 
the glass electrode. We have also used the expensive imidazole buffer recommended 
by Mertz, Seegers, and Smith (23), in several of the cited experiments. 

dotting Time and Thrombin Concentration {Relative): the ^^Inverse Law^^ 

All methods of thrombin (and prothrombin) determination are neces- 
sarily relative, since the agent has not yet been defined chemically. In the 
current investigation, thrombin ^^concentrations’’ are initially expressed 
in terms of the degree of dilution of the same preparation, used as the stand- 
ard of reference throughout the particular experiment. We have avoided 
any attempt to transfer the quantitative data from one experiment to 
another by means of arbitrary thrombin units {cj. 6). 

The index of activity of thrombin in a given test is the clotting time (see 
below) for a suitable fibrinogen solution. The dependence of clotting time 
upon physical conditions (temperature, pH, salt content, fibrinogen con- 
centration, etc.) makes it imperative to control all these variables through- 
out each series of tests. The influence of naturally-occurring antithrombins 
is also an important variable which will receive special consideration in 
other sections of this paper. 

Many previous workers {e.g. 14) have established the general principle 
known as the inverse law, which states that the clotting time is an inverse 
(reciprocal) function of thrombin concentration. This expression is 
analogous to the well known Arrhenius “Q/ rule” (1, 2), developed for re- 

^Plaut Research Laboratory, Lehn and Fink Products Corporation, Bloomfield, 
New Jersey. 
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lating enzyme concentration to the time required for the production of a 
given amount of effect. The formulation reads 

( 1 ), 

i.e. the product of enzyme concentration E by time y is a constant {K). 
Alternatively, 



i.e. enzyme concentration bears an inverse relation to the time factor. 
Without committing oneself to any h 3 qK>thesis of the actual identification 


TABLE I 

Relation of Clotting Time to Thrombin Concentration 



E 

(relative 

concentration) 

y 

By 

B(y-a) 

A 

100 

see, 

20 

2000 

Where a ■■ —5 
2500 
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25 

2000 

2400 
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35 

2100 

2400 


40 

55 

2200 
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115 

2300 

2400 
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64 

25 

1600 

Where a — 18 
448 


32 

29 

928 

353 


16 

45 

720 

430 


8 

72 

576 

430 


4 

105 

420 

0*x0 


A •• Mellanby-type (21) thrombin. 

B V Howell-type prothrombin (9) + Ca brain thromboplastin. 


of thrombin with the enzymes (c/. 27), “thrombin” may be substituted for 
“enz}m)e” in the mathematical analysis of the data. 

When applying the formula to coagulation data, we may question the 
validity of postulating the “given amount of effect,” viz. here the identical 
extent of change in fibrinogen at the moment of coagulation, irrespective 
of the amount or type of thrombin used. Actually, the only evidence for 
this is the reasonably close adherence to the inverse law throughout the 
range of thrombin concentrations with which we are working. There are 
undoubted empiricisms of technique, particularly in the method of timing 
the dotting. 














A. J. GLA2K0 AND J. H. PERGUSON 


173 


We time the appearance of the first visible strands of fibrin in a relativdy weak and 
salt-poor fibrinogen solution. This timing fron^ the commencement of clotting is 
readily applicable to the translucent solutions with which we are working. It is particu- 
larly valuable for the weakest thrombins, which may fail to cause gel formation. Meth- 
ods of timing based on solidity (firmness) of the clot (e.g. time when tube can be inverted 
without spilling the contents), while frequently used for such turbid materials as whole 
blood, etc., are obviously subject to additional variables such as the adhesiveness and 
coherence of the fibrin gel and the diameter of the tube used in the clotting test. 

To test the applicability of equation 2, serial dilutions of a typical throm- 
bin preparation were used. 0.5 cc. of each dilution was added to 1.0 cc. 
of weak fibrinogen solution at the routine temperature (20*’C.) and pH 
(7.2), and the clotting time noted. The results are listed in Table I, 
Series A. 

The product of clotting time by concentration (relative dilution) of 
thrombin gives a value which is constant within the limits imposed by the 
experimental technique. Equation 2 does fit the e3q>erimental data and, 
therefore, affords a means of assaying thrombic activity by timing the clot. 
Thrombin concentrations are henceforth computed from the actual clotting 
time data, the validity being checked by a similar series of dilution experi- 
ments accompanying each of the subsequent investigations.* 


* Equation 2 represents a special case of the general equation for a linear relation, 

£ - (i _ j) + « (i), 


where 6 is a constant determined by the F-axis intercept of the line obtained by plotting 


~ against E, and m is the slope of the line. ^ * 0 in the special case of equation 2, and, 

y 

since h is usually quite small, this equation affords a sufficiently good approximation 
to the actual experimental conditions to serve the purposes of the present paper. In 
some of the data, closer agreement with the theoretical conditions is attained by the 
use of the general formula. Thus, the derived expression for the rate constant (^, equa- 
tion 6) would be modified to 


k 


2.3 

ih - h) 


logio 




(ii). 


A more manageable form of equation (ii) may be developed from the observation that K 
( — £y ; equation 1) varies directly with £, whence 

JC - -Ey * ofi + c (iii)i 


or 


E 


c 

a 


(iv), 


where c is a constant^ determined by the intercept with the F-axis of the line obtained 
on plotting K against £, and a is the slope. The modified rate equation now becomes 
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Kinetics of Thrombin Inactivation: Order of the Reaction 

Provided we know the order of the reaction, the rate of the progressive 
inactivation of thrombin can be defined by the constant of the rate equa- 
tion. The expression for a first order inactivation process is 


- 


or, integrating between the limits of the incubation times and h (and cor- 
responding thrombin concentrations Ei and 


— 2.3 logio I 


k{h-h) 


Substituting — for E (equation 2), we obtain 

y 


- 2.3 logic 


k{h- ti) 




logioP 



40 » MO 320 n40 

t - minutes 


Fig. 1. Effect of thrombin concentration on the 
rate of inactivation (pH 7.0; temperature 38°). 


where h is the velocity 
constant for a first order 
reaction, representing the 
fraction of thrombin inacti- 
vated in unit time (a minute 
being used as the time unit 
throughout this paper). 

The experimental results 
of Fig. 1 were obtained in a 
study of the rate of “spon- 
taneous” inactivation of a 
thrombin prepared from the 
Howell-type prothrombin 
with CaCla and brain throm- 
boplastin, as described under 


reagents. The clotting time data were substituted into equation 6. 


* “ h) Cl - ») 

That this relation holds more widely than £ — is shown by a comparison of the last 

two cohimns of Table 1, especially for Series B. This expression may be used to extend 
the eoqperimental validity oi equation 6. 
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The values of y are routinely determined from the “best” straight line 
drawn through the points, using the method of least squar^ (22). The 
calculated k values are given in Fig. 1. 

The values of k for different concentrations of thrombin are constant, 
within experimental limits. This has been confirmed repeatedly during 
these studies. It establishes the fact that the inactivation of thrombin 
follows the course of a first order reaction. Calculations based upon the 
assumption of zero order and of second order reactions gave variable values 
for k. 

A generalized formulation of the results illustrated in Fig. 1 is 


dt“B 


(7) 


This brings out the additional point that, although the fraction of throm- 
bin inactivated in unit time is constant irrespective of the thrombin con- 


TABLE n 

Variation of k for Different Thrombin Preparatioru 


The thrombin preparations were made from the Howell-type prothrombin by acti- 
vation with CaQa and the designated thromboplastin. The values for k were obtained 
at pH 6.0 and 38®. 



Brain extract 

Cephalin 

X 10* = 

50* 

20* 1 80* 

10* 

1 

4 

35 

13* 

60 


* Acetone-precipitated thrombin (see reagents). 


centration, the rate of increase in the clotting time is greater for weak throm- 
bin preparations than for stronger ones. 

Variation of k for Different Thrombin Preparations: Influence of 

Thromboplastin 

Although many types of active thrombin (crude) have been described in 
the literature (see section on methods), all preparations are empirical and 
make no claim to chemical purity. The data summarized in Table II show 
fairly wide variations of the k value for different thrombin preparations. 
This is true for a large number and variety of thrombin preparations which 
have been investigated. It even holds for solutions made on different oc- 
casions with exactly similar techniques of preparation. The question of 
the possible inflim nrP! of the type of thromboplastic agent used in activation 
is especially important in view of the possibility that this may contribute a 
thrombinolytic factor (in crude tissue extracts, for instance). 
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Fig. 2 gives the complete activation, and subsequent inactivation curves 
for a vmk prothrombin solution, converted into thrombin by a fixed 

amount of n/10 CaCU and 
var 3 dag amounts of a ceph- 
alin preparation. There is 
some inhibitory effect on 
thrombin formation with 
the higher cephalin concen- 
trations, due perhaps to the 
large excess of cephalin in 
relation to the weak pro- 
thrombin used (8). The 
chief effect appears to be 
immediate, since an analy- 
sis of the linear portion of 
the inactivation curves 
shows only a threefold in- 
crease in the k value for 
a 16-fold increase in ceph- 
alin concentration. 

Table III shows the effects of varying amounts of (A) cephalin, added to 
fully formed thrombin and (B) brain thromboplastin, added to recalcified 

TABLE m 

Influence of Thromboplastin on k (pH -i 7.5; temperature Jj°) 


Qotting times (seconds) given in body of tables. 

A. Cephalin Added to a Putty Formed Thrombin 


Final concentration 
of cephalin 

ao' 

Incubation ti 
60^ 

me (minutes) 
t2V 

360' 

k 

(approximate) 

1:6000 

44/r 

50*^ 


n siiiii 

0.003 

1:12,000 

42^ 

42^ 



0.003 

1:24,000 

42^ 

47-^ 

62-^ 


0.003 

None added 

33-^ 

37^ 

44 -r 

■SB 

0.004 


JS. Brain Thrombopkutiu Added to a Weak Prothrombin (Recalcifled) 


Relative 
ooacentratioD 
of brain 
cxtma 

6 ' 

IncubaU 

RK 

DO time Uninui 

60' 

es) after recal 

lao' 

dfication 

280' 

1440' 

k 

(approxi- 

mate) 

9 

4r 

50* 

70* 

60*' 

68*' 

180*' 

WM 

3 

so*' 

43* 

65* 

65*' 

78*' 

250*' 

ifiSl 

1 

28*' 

42* 

70* 

70*' 

100*' 

315*' 

mm 



Fig. 2. Changes in coagulant activity produced by 
the activation of a weak prothrombin preparation 
with Ca'*'*' and different concentrations of cephalin 
(pH 8.0; temperature 38**). 
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prothrombin. The k values for the respective inactivation processes 
agmn show very little dependence on concentration of the thromboplastic 
factor. 

The addition of saliva (another thromboplastic agent (IS)) had no effect 
on the velocity constant. 

These studies are by no means exhaustive and should be extended to a 
wider variety of thromboplastic agents. For present pmposes, the cited 
data suffice to uphold the contention that the major factor in the k varia- 
tions of the individual thrombins is not significantly related to the throm- 
boplastin. 


n 


Influence of Physical Conditions, Trypsin, and Serum. 

Influence of Physical Conditions 

(.d). Temperature. — ^The older literature (27) contains frequent reference 
to the instability of thrombin at elevated temp)eratures. Table IV pre- 
sents the results of kinetic studies on various thrombins at different tem- 
pieratures. 

The critical thermal increment (m) was calculated from the integrated form 
of the van’t Hofli-Arrhenius equation 


.6 TiTt , 

- rz — ;;r\ “Sio 



( 8 ), 


where M represents the critical thermal increment (“activation energy”) 
in calories p)er mol, ki and ^2 are the velocity constants, calculated from 
equation 6, for the absolute temperatures Ti and Tt, respectively. 

The values for Qio were computed from the formula 

The following peints are brought out in the data: 

1. Below 1S°C., the rate of inactivation becomes very small and the 
increase of k with rise of temperature (as indicated by the Qv,) is very minor. 
This resembles many enzyme reactions (38). It also emphasize^ the 
necessity of running clotting tests at low temperatures to prevent loss of 
thrombic activity (especially during the activation of weak prothrombins) 
during any prolonged clotting tests (9). 

2. Between 20®C. and 40°C., the value of n is of the same order as that 
obtained in many known chemical and enzymatic reactions (e.g. 38). 

3. Above S0°C. (especially near fiO^C.), the value of M increases mark- 
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edly to over 40,000 calories per mol (at constant pH). Such high values 
(under similar conditions) are characteristic of the thermal denaturation of 
proteins (3) and the heat inactivation of enzymes (38) and viruses (18). 
There is, therefore, a definite suggestion that, at about 60°C., thrombin is 
directly influenced by heating. This would be the case if thrombin were a 
protein, or so closely associated with proteins as to be affected by their 
thermal denaturation. Strong thrombin preparations may retain a fair 


TABLE IV 

Infiuetue of Temperature on k 


ThrombopUstin 

Treatment 

pH 

r-c. 

JkX 104 


Qio 

Cephalin 

Acetone-thrombin 

5.6 

40.0 







40.0 

50.0 


1 24,400 

3.4 




50.0 


> 22,500 

2.8 




55.0 

64 





55.0 

59 






55.0 

70 



Cephalin 

Thrombin extracted 

7.0 

15.0 


] 9,070 

1.7 


with alcohol-ether 


38.0 




7.0 

7.5 


} 6,830 

} 18,500 


Cephalin 

-- 


15.0 

25.0 


1.5 




38.0 

11 

2.8 

Cephalin 

— 

H 

49.0 

59.0 

32 

249 

} 39,800 

7.8 

Brain 

Acetone- thrombin 


7.5 

0 





H 

20.5 

38.0 

5 

14 

} 10,700 

1.8 

Brain 

— 

B 

49.0 

59.0 


} 71,000 

27.7 


degree of activity, however, even after boiling for a few minutes (8). The 
presence of water is apparently essential for denaturation (3). When 
dried, thrombin preparations are much more stable to heating (21) and 
storing (35, 30) than when in solution. 

Ther£ is an unexplained variability between the different thrombin prep- 
arations (Table IV). In enz 3 nne S 3 retems, which show analogous behavior, 
such variability is often associated with the impurities present in the 
preparations, although many of the essential data are the same for crude 
preparations as for highly purified enzymes (37). In analogous S3rstems, 
we also have the suggestion of specific intramolecular groups which act as 
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negative catalysts (inhibitors), their effectiveness being lessened by dilu- 
tion (18). Such an explanation may account for the greater stability of 
highly concentrated thrombin solutions, and for the marked deviations 
from the inverse law which they exhibit. 

The k values for the data on temperature effects were obtained at con- 
stant pH. It has been pointed out that, for certain thermal denaturation 
reactions (e.g. pepsin), where the rate varies with the hydrogen ion con- 
centration, the practice of measuring the critical thermal increment at 
constant pH gives an unduly high value due to the inclusion of “the heat 
of dissociation of all acidic equilibria involved in preparing the initial 
molecules for the kinetic step of activation” (La Mer, 20). Since our prep- 
arations are admittedly 
crude, we do not propose 
to elaborate upon temper- 
ature and pH interrelation- 
ships, but merely to state 
that the calculations for the 
critical thermal increment • 
are subject to a correction. 

The effect of pH on the 
velocity constant is dealt 
with in the following sec- 
tion. 

(B). pH . — In studying 

the influence of hydrogen ^ Effect of pH on the velocity constants 

ion concentration on the various thrombin preparations (temperature 38°). 
rate of thrombin inactiva- 
tion, the thrombin preparations are adjusted to definite pH values (with 
the glass electrode) and the inactivation hate is measured at 38°C. All clot- 
ting tests are made on fibrinogen, buffered with barbital at pH = 7.2. The 
results are given in Fig. 3. 

In all cases, the rate of inactivation below a pH of about 3.5 is too great 
for measurement. The acid-inactivated thrombin is not reactivated by 
neutralization. The most stable thrombin preparations show very little 
change of k between pH 5.0 to 10.0. Unstable preparations, including those 
to which trypsin or serum was added (see below), are most stable at pH of 
4 to 5 and become less and less stable as the alkalinity is increased. The 
probable significance of these results will be brought out later, in the light of 
the additional ejqieriments with trypsin and serum. 
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Influence 0/ Added Trypsin 

Crystalline trypan (26) is a purified preparation of a well known protease, 
which has a recognized ability to destroy thrombin (7, 11). 

In the experiments illustrated in Fig. 4, known amounts of cr3rstalline 
trypsin were added to thrombin, at pH = 8.2 and temperature = 38“C. 
The k values were computed, as usual, from the clotting times, at various 
periods after the addition of trypsin. It is evident that the k values in- 
crease in direct proportion to the amount of trypsin added. 

The similarity of the calculated and observed values for k in Table V is 
striking evidence in support of the postulate that the rate of thrombin in- 
activation is indeed directly 
proportional to the trypsin 
present, as well aa to the 
concentration of thrombin 
(equation .3). The full re- 
sults may now be expressed 
as follows: 



dE 
dt ' 


k'-E-L (10), 


differing from equation 3, 
in the introduction of the 
factor L, which represents 
the concentration of the 
thrombinolytic factor 
(tr)q)sin). This equation 
describes a first order inactivation reaction and is a generalized equation 
representing the kinetics of progressive thrombin inactivation. It is ob- 
vious that once a thrombin unit is chosen, the lysin unit is readily defined. 


Fig. 4. Effect of trypsin on the velocity constant 
(pH 8.2; temperature 38°). 


Influence of Serum 

The classical studies of Howell (17), and the long-forgotten but significant 
data of Collingwood and MacMahon (4), include mention of the progressive 
character of the antithrombic action of serum. Heating serum to fiO^C. 
for a few minutes is said to destroy most of the antithrombic properties. 
Howell’s contention that the action is associated with tiie serum proteins 
is supported by Quick (29), who, contrary to Howell and his pupils, finds a 
thermolabile “albumin” fraction effective. In our earlier experiments 
(12) no significant antithrombic action was demonstrable with a crude 
I^asma Ulbumin {sans heparin). We have recently (13) confirmed this by 
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incubating similar crude plasma alb umin with a stable thrombin for a full 
hour, at 24^C., and noting only a IS second increase over the original dot- 
ting time of 18 seconds (maintained unchanged in the control). Tests 
have also been made with a pure crystalline serum albumin, kindly supplied 
by Dr. T. L. McMeekin (Harvard), which fail to demonstrate any sig- 
nificant antithrombic action alone, and (in sharp contrast to crude albumin) 
in the presence of heparin. We subscribe, therefore, to the belief that anti- 
thrombin is not serum albumin, but some unknown factor which may or 
may not be associated with it. 

Since Quick’s experiments (29), like those of Morawitz (25), support 
daims for antithrombin in plasma by procedures involving a preliminary 


TABLE V 

The Relationship between k and the Concentration of Trypsin 
(JData Taken from Fig, 4) 


Txypsin micrograms pet 100 cc. 

A X 10* observed 

A X 10« calculated* 

1000 

325 

314 

500 

172 

174 

250 

114 

104 

125 

80 

69 

0 

33 

34 


*The calculated value for k was obtained by assuming that a direct relationship 
existed between k and the concentration of trypsin. The equation for the straight line 
was used: 


y ^ ax + b 

where y ^ k; a •• 0.028; b — 3.4; 
and a; a the tr 3 rpsin concentration. 

defibrination, it cannot be asserted with any degree of certainty that 
untreated plasma contains an active antithrombin. Some of our results 
indicate that the antithrombin in plasma is present as an inactive substance. 

The present kinetic studies on serum antithrombin involve two methods, 
(a) following the concentration of thrombin present in serum from the 
earliest practicable moment after defibrination, and (6) adding var 3 dng 
amounts of a thrombin-free (tested) serum to a known thrombin prepara- 
tion. 

Preparation of 5en«».— Acetone-thromboplastin (see reagents) is added to citiated 
plimma dOuted with 0.85 per cent NaCl, and recalcified with an optimal amount of 
CaCli. The fibrin is removed with a glass rod as fast as it is formed. The addition of a 
few drops of thrombin to a sample of the final serum confirms the completeness of the 
defibrination. 
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Tests . — (a) Immediately upon completion of the defibrination, 0.5 cc. of serum is 
added to 1 cc. of fibrinogen solution, under the conditions previously described for 
thrombin assay, and the test is repeated at various time intervak. (b) For the second 
series of experiments, increasing amounts of serum (thrombin-free, by tests on fibrinogen) 
are added to thrombin and the kinetics followed in the usual way. 

(a). — Table VI shows that the inactivation rate constant (&) for the 
naturally occurring thrombin of serum is exceedingly high. The inactiva- 
tion rate for thrombin in serum appears to be directly dependent upon the 
initial concentration of the plasma. 

Hemophilia.— Tht serum from a citrated hemophilic plasma was diluted 
tenfold and clotted by CaCU, both with and without added thromboplastin. 

TABIE VI 

Rate of Thrombin Inactivation in Serum (pH •» 7.4; Temperature = 38^) 


Brain thromboplastin was added to dog plasma before recalcifying. Incubation 
time is given in minutes, measured from the time of recalcification. The clotting time 
is given in seconds in the body of the table. 


Bilutioos 
of planna 

1.5' 

V 

2.5' j 

1 

1 '' 1 

incubatio 

4' 

n time 

5' 

6' 

1 6.5' 

1 •' 

A X 104 

1:1 

— 

— 

— 

mm 

27" 

— 

00 



Very high 

1:2 

— 

19^ 

23" 

33" 

77" 

102" 

135" 



4690 

1:4 

22^^ 

30'' 

— 

45" 

68" 

93" 

113" 



3060 

1:8 



— 

33" 

50" 

1 73" 

— 

105" 

135" 

2800 


In each case the k value was 0.206. This indicates that the antithrombic 
factor is normal in hemophilic serum. 

(6). — In Table VII, increasing amounts of thrombin-free serum were 
added to a thrombin solution and the kinetics of inactivation studied. The 
results clearly show the ability of serum to increase the thrombin inactiva- 
tion rate. The k value rises in direct proportion to the amount of sermn 
added. It may also be noted that the 24 hour old serum preparation used 
for the data of Table VII, Series B, is much weaker than the fresh serum of 
Table VII, Series A. This suggests a lability of the thrombinolytic factor 
in serum and lessens the bare possibility of the inactivation process being 
some sort of combination or adsorption on to the serum proteins (19, 31). 
The inability to reactivate serum-lysed thrombin with alkali or add {ef. 
“metathrombin,” 25, 17) also argues strongly against a non-lytic inactiva- 
tion mechanism. 

The rate of decrease of the antithromMc activity of serum was studied at 
different pH levels, but constant temperature (SS^C.). 1 cc. of each serum 
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sample, held at the chosen pH for the cited times, was added to 5 cc. of a 
stable thrombin, buffered at pH = 7.6 with imidazole buffer (see reagents). 

TABLE VII 

Influence of Serum on k. pH = 7.2, Temperature =» , 

Clotting times (seconds) given in body of tables. 


A. Fresh Serum {Thrombin-Free) 


Cc. Bcnim added 
to40cc. 
thrombin 

Saline 

1' 

Incubation t 

3' 

ime (minutes) 

6' 

\V 

*X 104 
(approximate) 

2 

cc, 

14 

68 ^ 

85 " 

112 " 

173 " 

1010 

4 

12 

73 '' 

103 " 

106 " 

00 

1560 

8 

8 

90 " 

122" 

00 

00 

1920 

16 

0 

100 " 

160 " 

00 

00 

2350 


B. Aged Serum {24 Hrs. at Thrombin-Free) 


Cc. of 
serum 
added to 
40 cc. 
thrombin 

Saline 

0' 

10' 

Incuba 

21' 

tion time (n 

24' 

oinutes) 

39* 

SO' 

66 ' 

hX 10« 
(approxi- 
mate) 

0 

cc, 

2.00 

40 " 

44 " 


66 " 

82 " 

103 " 


220 

0.12 

1.88 

— 

52 " 

68 " 

— 

100 " 

— 

170 " 

240 

0.25 

1.75 

— 

55 " 

72 " 


110 " 


210 " 

240 

0.50 

1.50 

— 

52 " 

78 " 

-• 

145 " 

— 

00 

350 

1.00 

1.00 

— 

64 " 

95 " 

— 

184 " 

— • 

00 

360 

2.00 

0 

— 

66 " 

135 " 

— 

00 

— 



650 


TABLE vni 

Inactivation of Serum ^^Antithrombin^* 


The body of the table gives the {k X 10^) values obtained by the addition of 1 cc. 
serum (after the cited time of incubation, at 38® and the given pH) to 5 cc. of thrombin. 
The thrombin and fibrinogen solution were buffered with n /10 imidazole to pH 7 . 6 . 


pH 

li 

30' 

Dcubation of serum (minutes) 
83' 

137' 

2.0 

0 

0 

0 

3.9 

242 

87 

0 

5.4 

426 

487 

386 

7.4 

288 

365 

253 

9.8 

920 

642 

437 


The thrombin inactivation rates were determined in the usual manner. 
The results are presented in Table VIII. 
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Although more antithrombic activity was initially present at pH = 9.8 
than in sera kept at low pH values, there was more rapid loss of anti- 
thrombic activity at the most alkaline pH. At pH 5.4 and 7.4 a small 
increase in antithrombic activity is apparent. At pH values below 4.0, 
there was practically no antithrombic activity. This was not due to the 
previously described effect of acids on thrombin (see above), since the 
thrombin itself was well buffered at pH = 7.6. The sera kept for over 2 
hours at pH levels of 2.0 and 3.9 did not regain their antithrombic activity 
during the incubation with the thrombin at pH = 7.6. However, the loss 
of antithrombin is reversible, under appropriate conditions, as shown by 
the data of Table IX. 

Here the serum was brought to pH = 1.7. After standing for about 
10 minutes, a portion was brought to pH = 9.6 and allowed to stand at 


TABLE IX 

The Reactivation of Serum AntUkrombin 
Clotting times (seconds) given in body of table. 


pH of added aerum 

0.5' 

Incubation 

3' 

time (minu 

r 

ites) * Benin 

1 

i + thrombin 
18' 

i 

24' 

8 X 10« (ap- 
proiimate) 

1.7 


80^ 

IS" 

WjBSM 

73" 

75 -^ 

— 

Readjusted to 9.6 

90^ 

92" 

110" 


190" 

250^ 

480 

No serum added 

90^^ 

90" 

SS" 

85^ 

SO" 

mgynii 

— 


38®C., for 30 minutes; the rest was kept (at pH = 1.7) as a control. 1 cc. 
of each sample was then added to 5 cc. of thrombin, at pH = 7.6, and the 
thrombin inactivation rate measured as before. The alkalinized prepara- 
tion recovered a marked degree of antithrombic activity, whereas there was 
a complete absence of antithrombin in the acid sample, as seen by comparing 
with the thrombin control. The similarity of these pH effects to those ob- 
taining with trypsin (Northrop, 26) is remarkable. 

DISCUSSION 

It is evident from the foregoing experiments that prepared thrombins 
undergo progressive inactivation, following the course of a first order reac- 
tion. By computing the velocity constant (k) from kinetic data, the proc- 
ess may be characterized independently of the factor of thrombin concen- 
tration. Since k may vary greatly in thrombins which are similar in 
initial activity, there is strong evidence for a thrombinolytic factor, which 
varies from preparation to preparation. The obvious suggestion is that it 
must be regkrded as an “impurity” in the thrombin. 
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The proteolytic enzyme trypsin is an example of added impurity, which 
can alter the kinetic behavior of a stable thrombin to that of one which is 
much less stable. The so called antithrombic action of serum closely re- 
sembles that of trypsin in the studies we have made concerning its kinetic 
aspects. The physical conditions of temperature and pH, which are so 
important in thrombin formation, are no less significant in modifying 
thrombin inactivation. Whereas the most stable thrombins retain their 
activity over a wide pH range (5.0-10.0), the less stable preparations 
(including those to which trypsin or serum has been added) show a maxi- 
mum stability at pH = 4-5. 

The chief interest in the facts herein presented lies in the explanation 
which must be offered to account for them and in the future lines of en- 
quiry to which they clearly point. Chief among the latter will be the at- 
tempt to isolate the thrombin impurity (anti thrombin), which is indicated 
by the data. Pending the outcome of investigations now proceeding, by 
which it is hoped to characterize the thrombinolytic factor from the view- 
point of its proteolytic activities, we are advancing only tentatively the con- 
clusion that progressive antithrombic action may be due to an enzjrme im- 
purity in the thrombin (and prothrombin) preparations.* 

The following summarized points constitute the present evidence in sup- 
port of this conclusion: 

1. Added trypsin, like serum antithrombin, converts a stable thrombin 
into an unstable one, with a marked increase in the inactivation rate con- 
stant. 

2. The acidic region (pH = 4-5) at which unstable thrombins are most 
slowly inactivated is the pH zone at which the effects of trypsin and serum 
are minimal , Northrop (26) has pointed out that pure trypsin is inactive 
in this pH region. 

3. The inactivating agent (serum antithrombin) appears to be most stable 
at pH 5 to 6. 

4. The unimolecular behavior of the inactivation process, together with 
the effects of varying physical conditions, are wholly consistent with the 
enzyme hypothesis. 

It is not intended to place the whole burden of thrombin inactivation 
upon the postulated thrombinolytic enzyme. The slow deterioration of the 

* A careful search of the literature, following the completion of this paper, brought to 
li ght very little to suggest an enzymatic nature of antithrombin, with the important 
exertion of a long-forgotten contribution by Collingwood and MacMahon (4), to whom 
n uiB t be given due credit for conclusions very similar to those herein presented, even to 
the analogy between serum antithrombin and pancreatic trypsin. 
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more stable thrombins may very well be a protein denaturation. Thermal 
denaturation of proteins, enzymes, and viruses (some of which are now 
known to be proteins) follows a very similar course. The rapid inactiva- 
tion, especially at moderate temperatures, in the physiological pH range, 
is the main reason, apart from the analogies outlined above, for postulating 
a specific thrombinolytic factor. 

We do not know what thrombin is, but all the available evidence indi- 
cates that it is a protein, or so closely bound up with proteins as to be 
affected by their susceptibility to denaturation and proteolysis. Throm- 
bin may also be an enzyme, although definite proof for, or against, this is 
still lacking (27). We have previously (11) advanced the idea that another 
type of enzyme, viz. a thromboplastic enzsone, accompanies (crude) pro- 
thrombin and, in conjunction with ionized calcium and phospholipid (ceph- 
alin), activates it to thrombin. The present data indicate yet another 
enzymatic function, namely, thrombinolytic. This need not complicate 
the picture unduly, if it should turn out to be identical with the thrombo- 
plastic factor, and especially if both are tryptic. Plasma tr3rptases are 
already known (Schmitz, 33) and might very well be expected to accompany 
plasma prothrombin and thrombin preparations. Schmitz’s work raises 
the question of the r61e of specific inhibitors (antitrypsins), and kinase 
factors, in these new functions we are postulating for plasma tryptase. 
Upon the answer to this question may hinge the explanation of the con- 
tinued fluidity of the blood in vivo.^ 

Tissue (including platelet and possibly leucocyte) sources of protease 
are not immediately involved in our Berkefelded plasma reagents, with 
cephalin as the only added thromboplastic agent. However, tissue anti- 
thrombins have been described in the literature. These may very well 
depend upon artificial methods of preparation and will require more exten- 
sive investigation than the data here presented. It may be significant 
that brain extracts are known to contain an antitrypsin (28). The data of 
Fig. 2 and Table III do not lend strong support to Howell’s view that throm- 
boplastin ' 'neutralizes” antithrombin, but Howell himself had certain 
doubts, e.g., the inability of cephalin to overcome the serum inhibitor of 
fully formed thrombin (17). 

It^is not proposed to take up space to contrast our thrombinolytic 
antithrombin theory with older views which postulate a loose thrombin- 
antithrombin “combination” (? metathrombin formation). Our inac- 
tivated thrombins are irreversible and unaffected by treatment with alkali 

^Some of our recent experiments (Glazko, A. J., and Ferguson, J. H., Proc. Soc. 
Exp. Bid. and Med.^ 1940, 45 , 43) show that heparin inhibits the action of trypsin 
on a casein substrate. 
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and add (cf. metathrombin). All the evidence points to the progresdve 
action of a spedfic antithrombin, rather than to the progressive production 
of an immediate antithrombin. 

We have often observed that clots formed in the presence of unstable 
thrombins are espedally liable to undergo fibrinolysis. Correlation of 
fibrinol 3 rsis with thrombinolysis is, therefore, suggested. 

We are currently engaged in an attempt to use the basic methods of this 
paper in a simple clinical test for progressive antithrombins. Provided 
that a practical thrombin unit can be (empirically) established, a unit of 
antithrombin can readily be defined from equation 10. 

SiniMARY 

1. A new technique for studying the progressive inactivation of thrombin 
is described. 

2. Thrombin inactivation follows the kinetics of a first order reaction. 

3. The rate constant of the inactivation reaction increases with tempera- 
ture and pH (S.O — » 10.0), and also with the presence of crystalline trypsin, 
or seriun. The rate varies for different thrombin preparations, even under 
the same experimental conditions. 

4. The temperature characteristics of the reaction indicate that throm- 
bin is assodated with protein. 

5. Thrombin preparations are most stable at pH 4 to 5, even when tryp- 
sin or serum is added. 

6. The progressive inactivation is believed to be due to two mechanisms: 
(1) a major effect, thought to be the action of a “serum-tryptase,” which is 
usually present in the thrombin preparations, and (2) a minor effect, prob- 
ably attributable to denaturation of thrombin-protein. 

7. Sources of the thrombinolytic factor (senun-tryptase) and its im- 
plications in the general theory and practical problems of blood coagulation 
and antithrombic action arc briefly discussed. 
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7. Application of the Phase Rule to the Solubility of Proteins 

Since proteins cannot be heated and can only be treated with a limited 
range of solvents without injury, it has been inevitable that the methods 
of separation and characterization of different proteins should depend 
mainly on their behavior in aqueous solutions of varying add and salt 
concentrations. In the early studies of Hardy (1) and MeUanby (2) it 
was found that the solubility of serum proteins varied with the amoimt 
of the saturating body, and Sdrensen and his collaborators also foimd this 
kind of behavior with egg (3) and serum albumin (4) and casein (5). 
Sdrensen seems to have been the first to apply the phase rule in the sense 
that for a single solute the solubility should be independent of the amount 
of the solid phase, and his inability to obtain fractions obeying this criterion 
led to his theory of “reversibly dissodating systems,” according to which 
the real independent components of a protein were polypeptides which 
formed complex aggregations varying with the drcumstances. 

Since then a number of cases have been found in which the solubility 
is approximately independent of the amount of the solid phase (6), at least 
when there is a considerable excess of the latter. Northrop and Kunitz (7) 
have, however, shown that constant solubility in the presence of a large 
excess of solid is an insuflSdent criterion of purity, but if solubility curves 
(».«., solubility against total amount of saturating material) are determined 
in the region in which the excess of solid is small it may be possible to .dis- 
tinguish the solid phases present and in some cases to differentiate between 
mixtures of crystalline phases and solid solutions (8). 

Few investigations of the purity of proteins have been made which satisfy 
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these conditions and the object of the present work was to make a more 
exhaustive study of the solubility method as a criterion of purity of proteins. 

Application of Phase Rule to Protein-Acid-Salt Solutions 

In the first place it may be well to point out exactly what can be deduced 
from the phase rule. In the usual form this is written as P + F = C + 2, 
where P = number of phases, F = number of degrees of freedom, and C = 
munber of components. We have first to choose as components the least 
number of substances by which we can express the composition of the 
solid protein phase or phases and the solutions which can be formed from 
them. Since the solutions with which we shall be concerned contain a 
buffering system, the least number of components will be four; viz., protein, 
salt, acid, and water. Additional components may of course be introduced 
into the system at will, e.g. there may be two salts, such as the buffering 
salt and a neutral salt like ammonium sulfate. But it is unnecessary to 
regard a salt formed by the combination of the protein and the acid, even 
if the solid is present partly or completely as such, as a separate component, 
since its composition can be completely specified by the amounts of protein 
and add contained in it. We can take as the component protein, the pro- 
tein in a spedfied invariable condition and the amount of protein in any 
phase is determined by a suitable analysis; e.g., of the amount of "protein 
nitrogen.” 

By the phase rule, this system of four components has five degrees of 
freedom in one phase, and four degrees of freedom when present in two 
phases. Four of these are the temperature, pressure, and concentrations 
of salt and add respectively. When these four variable factors are fixed 
there remains one degree of freedom for a single phase and none for a 
system of two phases. In a homogeneous solution of a single protein the 
concentration of protein may vary, but if a solid phase is present the con- 
centration of the dissolved protein is fixed. If it is not fixed then an addi- 
tional component must be present. If it should happen that two distinct 
solid phases are present {e.g., if a new phase were formed by reaction of the 
protein with the salt solution) the number of degrees of freedom would be 
fufither reduced by one; i.e., it could only occur at a particular add or salt 
concentration. 

The characteristics of the possible systems which may be formed from 
one or two proteins together with water, add, and salt are shown in Table I. 
When two proteins are present, a single solid phase may consist of either one 
protein, or a solid solution of the two proteins. In either case, since there 
are now five components in two phases, the number of degrees of freedom 
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under the stated conditions is one. Thus if the solid phase is one of the 
proteins, the concentration of the other in the solution is variable, while 
if the solid phase is a solid solution of both proteins, the compo^tion of the 
solution will depend on the composition of the solid solution, but if the 
composition of the solid solution is fixed, the composition of the aqueous 
solution in equilibrium with it is also fixed. Lastly, if there are two solid 
phases the system again becomes invariant and the composition of the 
solution, when the temperature, pressure, and concentrations of acid and 
salt are fixed, is definite. 

If additional components such as salts are present, each new component 


TABLE I 


Components 

Phases 

Degrees of 
freedom at con- 
stant tempera- 
ture, pressure, 
and concentra- 
tions of add and 
salt 

Examples 

4 » water, salt, acid, 

1 

1 

A homogeneous solution 

protein 

2 

0 

A solid phase + saturated solution 


3 

(-1) 

Two solid phases + saturated solution. (Only 
possible at a particular concentration of add 
or salt.) 

5 » water, salt, acid. 

1 

2 

A homogeneous solution 

two proteins 

2 

1 

One solid phase containing (a) a single protein, 
or (b) a solid solution of two proteins, in a 
solution of variable composition. 


3 

0 

Two solid phases in solution of constant com- 
position 


introduces a new degree of freedom; but if the concentrations of the new 
components are fixed, the degrees of freedom are unchanged. 

The case of a solid solution of two proteins may be discussed in greater 
detail. Such a solution will be in equilibrium with an aqueous solution of 
fixed composition, but the ratio of the protems in the aqueous solution may 
be either the same or different from that in the solid solution. In the first 
case an equilibrium solution can be formed by simple dissolution of the solid 
phase and therefore without any change in its compoation. Therefore the 
solubility will be independent of the amount of the solid. In the second 
case the formation of the equilibrium solution will result in change in the 
composition of the solid, and as shown by Northrop and Kunitz (9) the 
effective solubility will then vary with the amount of the solid phase. The 
following is a simplified derivation of this conduaon, which does not depend 
on the particular assumptions previously made. 
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Suppose that the relation between the composition of the solid and that 
of the solution in equilibrium with it is as represented in Fig. 1, where X 
is the composition of the solid phase in equilibrium with a solution in which 
the ratio of the two proteins is represented by Y. In this illustration the 
proportion of A entering the solution is greater than that in the solid and 
the solid is therefore left with a smaller proportion of A. We will now 
consider the following cases: 

1. If the quantity of solid is large compared with the amount dissolved, 
a solution of composition Y is obtained with a very small change in the 
composition of the solid and the solution obtained from the original crystals 
will effectively have the composition Y. 

2. If the solid is nearly all dissolved, the composition of the solution must 
approximate to that of the original crystals and will be represented by Y'. 
The solid which is in equilibrium with this solution has the composition X’. 

If we add increasing amounts of the solid 
phase .Y to a definite quantity of the solvent, 
on the assiunption that the solid phase can ad- 
just itself to equilibrium with the solution, we 
should find that when excess of solid first ap- 
pears it has the composition X' and a solubility 
which corresponds to the point F'. As the ex- 
cess of solid increases the solid phase remaining 
will change in composition from X' to X and 
the solubility will change corre^ndingly. It follows that the point at 
which the solid ceases to give a clear solution is not necessarily the solu- 
bility of the solid phase, but it will be the solubility of a solid in equilib- 
rium with the solution having the same composition as the original solid 
phase. The amount of protein dissolved will be equal to the amount of 
protein added, up to the point at which solid first appears, but imder these 
circumstances the solubility may then change as the excess of solid is in- 
creased until with a great excess of solid a constant value is obtained. 

It is possible that the whole of the solid phase may not readily come to 
equilibrium with the solution and that the adjustments of composition 
m^y be confined to the surface layers of the crystals. In that case we may 
get the solubility which corresponds to a small residue of the solid while 
an appreciable amount of the solid remains. 

The amount of protein present in a solution of definite acidity and salt 
concentration will therefore be independent of the amount of solid in con- 
tact with the solution, from the first appearance of turbidity, in the fol- 
lowing cases: 
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1. The solid is a single phase, (a) A angle pure protein, and (6) a solid 
solution of two proteins, which dissolve in the same proportion as they 
are present in the solid. 

2. The solid consists of two distinct phases, (a) A mixture of two pro- 
teins, present in amoimts proportional to their solubilities. 

To distinguish cases 1 b and 2 a from 1 a, we may observe that it is un- 
likely that the solubilities of two proteins would be equally affected by a 
change of acidity and/or salt concentration. K the solvent is changed, it 
is therefore probable that in the case of the solid solution the two proteins 
will no longer dissolve in the same proportions and the solubility will then 
depend on the amount of the solid phase, as described above; while in the 
case of two distinct solid phases, increasing the amount of solvent will give 
rise to a point at whidi one solid has completely dissolved, and here the 
protein concentration becomes variable. Independence of the solubility 
of the amount of the solid phase in several solvents can therefore be taken 
as strong evidence that the material is a pure protein. 

On the other hand, a single protein which is present in two distinct solid 
forms, e.g. amorphous and crystalline, may also give the solubility curve 
of a mixture. If equilibrium between the two solids and the solution were 
established, this would be a rare occurrence, since it can only be found in 
particular solvents in which it hapf>ens that the two forms have the same 
solubility. But the approach to equilibrium may be very slow and cases 
may be encountered in which the two solids persist for long periods although 
not in equilibrium and give rise to the solubility curve of a mixture. Such 
cases may be distinguished by adding sufficient solvent to dissolve one 
phase and examining the residue. If it gives identical solutions to the 
original solid, or can be changed into the other form, we are dealing with a 
case of polymorphism. To decide the nature of the material it is therefore 
necessary to examine not only the solubility curves in a number of solvents, 
but in case the curves of a mixture are obtained, to separate the solids and 
determine their nature. 

Equilibration of the Protein with the Solvent 

We must now consider how far the conditions of constant acidity and 
constant salt concentration can be satisfied with varying amounts of the 
solid protein. In the previous experiments of Kirnitz and Northrop, it 
has been considered that this condition is satisfied by previously equilibrat- 
ing the solid by washing with successive portions of the solvent in M^iitili the 
solubility is to be measured, until the solubility of the protein is constant. 
Then it is taken that the addition of varying amounts of the equilibrated 
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solid to the solvent will not produce variations of the acidity and salt 
concentration in the latter. A careful examination of the validity of this 
process is denrable. We can distinguish the following cases: 

1. Suppose that the whole of the solid protein can come into equi- 
librium with the buffer. It is known that protein crystals contain con- 
aderable quantities of water and ions derived from the mother solution, 
and it has been found that appreciable differences of density (10), and 
of cell dimensions (11) occur according to the nature of the solution in which 
the crystals are suspended. It follows that the penetration of the salt 
solution in which the crystals are suspended occurs at least in some cases. 
In such a case the protein in the interior of the crystal may be expected to 
come into equilibriiun with the solvent both in respect to acidity and salt 
concentration. On mixing a quantity of the solid with the buffer solution, 
the equilibrium finally reached will correspond with a pH intermediate 
between that of the buffer and the original protein. If the solution is 
poured away and a fresh quantity of the buffer solution added, a second 
equilibrium will be reached, and it seems evident that after successive 
treatments in this way the solid will approach a state in which further 
washings produce no change in the solid. The solubility will then be con- 
stant and will be independent of the ratio of the solid to liquid phases. 

This procedure would fail only when the solubility of the protein is such 
that it dissolves completely before equilibrium is reached. This might be 
overcome by increasing the concentration of the buffer in such a way that 
the buffering power of a given quantity of solvent is increased, without in- 
creasing the solubility of the protein; or by using as the solvent a more con- 
centrated salt solution in which the protein solubility is less. 

2. The solid may not equilibrate at all with the buffer. The only func- 
tion of successive washings would then be to remove the mother liquor ad- 
hering to the crystals. A given quantity of solvent would then always 
dissolve the same amount of protein; which will produce a constant change 
of pH. The change of pH produced by the dissolution of the protein would, 
however, depend on the pH of the protein preparation and the solubility 
will therefore probably depend on the nature of the solution in which the 
protein crystals were formed. 

3. Suppose that the buffer solution reacts with the protein to form a new 
phase, e.g. a protein salt. It has been riiown that two solid phases of a 
single protein can only co-exist with a solution in which one variable con- 
centration, e.g. acidity, is fixed. The buffer solution will therefore be 
changed by the reaction to a comporition which corresponds to the pH 
fixed by, the protein solids. The addition of more buffer will produce more 
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of the protein salt, and only when the first solid phase has been completely 
converted into the second can the pH change and i^proach the value de- 
fined by the buffer solution. In this case it is evident that a stoichiometri- 
cal excess of the buffering substances is required to bring the protein into a 
state in which it can exist unchanged in contact with fredi portions of the 
buffer solution. 

II. The Solubility Curves and Purity of Chymotrypsinogen 

Chymotrypsinogen from beef pancreas was chosen for these eiq>eriments 
on account of its stability and ease of crystallization. Good solubility 
curves for this material have already been obtained by Kunitz and Nor- 
throp (12) using the activity, when converted into chymotrypsin, and the 
protein concentration as determined by turbidity measurements as measures 
of the solubility. In this work we have used the total nitrogen of the 
solution as the measure of the solubility; a more rigorous test since nitrog- 
enous impurities of a non-protein character are included in the determined 
values. 

Under these circumstances ammonium sulfate solutions cannot be used 
as the solvent and magnesium sulfate was substituted. The first experi- 
ments showed that when recrystallized seven or eight times from magnesium 
sulfate, this material gave quite good solubility curves, the solubility being 
practically independent of the amount of solid phase from the first appear- 
ance of turbidity, but the actual solubility varied somewhat from one 
preparation to another, and the residue left after dissolving part of the 
substance had an appreciably different solubility. This suggested that the 
material might be a solid solution and in an attempt to effect a separation 
a series of fractional crystallizations was carried out on twice crystallized 
material. 

In this first series a solution of the protein was prepared at pH 4.0 and 
sufficient magnesium sulfate was added to cause the crystallization of about 
one-third of the total protein. The addition of more magnesium sulfate 
gave a further crop of crystals and the remainder was precipitated from a 
nearly saturated solution of the salt. This process was repeated on the 
fractions five times, the “less soluble” precipitate from one fraction being 
systematically united with the “more soluble” precipitate from the next. 
In this way three fractions were obtained, A , B, and C; A being obtained 
from the first precipitates and B and C from the middle and last fractions. 
The three fractions were crystallized twice from a pH 4.0, 0.4 saturated 
Aag nesiiim sulfate solution and the solubility curves were determined with 
this solvent. The curves obtained are shown in Fig. 2. Both B and C 
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gave very good solubility curves, the solubility being practically constant 
from the first appearance of turbidity, but the solubility of C is slightly 



greater than that of B. The curve of A has a distinct break and the solu- 
bility continues to rise after the first appearance of turbidity at P to the 
region of Q, indicating that this material is complex. 

The whole fractionation was repeated with new material in a somewhat 
simplified form in the course of which the middle fraction (B) was divided 



J. A. V. BUTLER 


197 


between the two end fractions. In this way two fractions A', C were 
finally obtained. It was found that the solub^ty curve of A' was identical 
with that of A and C with the previous fraction C. 

Since B and C were obtained by adding more magnesium sulfate to a 
saturated solution of protein in approximately the same solvent as that in 
which the solubility was determined, it was possible that these fractions 
might contain two substances present in the same proportion as their 
solubility in this solvent. Solubility curves of C' were therefore deter- 



l^uxnber dt successiva equilibratioxu with fresh buffer 


Fig. 3. Solubilities of crystals formed at pH 4.0 and pH 5.0. Triangles refer to 
crystals formed at pH 4.0, and open circles to crystals formed at pH 5.0. Closed circles 
represent successive concentrations in supersaturated solutions. The upper set of points 
is for solubilities in 0.19 saturated magnesium sulfate, pH 5.0 solvent; the lower set of 
points is for solubilities in 0.4 saturated magnesium sulfate, pH 4.0 solvent. 

mined in two other solvents of pH 5.0 and 8.0, with suitable concentrations 
of magnesium sulfate (Fig. 2, d and e). In both cases a good solubility 
curve was obtained and since it is very unlikely that the ratio of the solu- 
bilities of two substances would be identical at three different pH’s, this 
may be taken as strong evidence that C and C' are a single substance. 

That a true equilibrium was established in these experiments was shown 
by the following facts. 

1. The solubility of the crystals in a given solvent was independent of 
the pH of the solution in which the crystals were formed. Fig. 3 shows the 
solubilities of crystals formed in magnesium sulfate solutions at pH 4.0 and 
5.0 in successive shakings with fresh portions of two distinct solvents. The 
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crystals made at both pH’s ultimately reached the same solubility in either 
solvent. 

2. The solubility of the crystals was independent of the concentration of 
magnesium sulfate in the solution in which they were formed. 

Concentration of magnesium sul- 
fate 0.35 saturated 0.4 saturated 0.5 saturated 

Solubility in approximately 0.4 
saturated magnesium sulfate at 

pH 4.0 (mg. N/ml.) 1.01 0.98 0.97 

3. The same equilibrium was reached from supersaturated as from under- 
saturated solutions. The supersaturated solutions were prepared by cool- 
ing a saturated solution with excess of the crystals. More dissolves at 


TABLE II 

Characteristics of Products of Fractionation 



A* 

C 

Non-protftin nitrogen ^ per cent 

4 0 

10.5 

0.61 X 10~» 
0.83 

0.675 

0.2 

10.6 

0.62 X 10-» 
0.83 

0.667 

Milk clotting activity per mg. nitrogen. Average of 5 

Hemoglobin activity per mg. nitrogen* 

Velocity constant of .ictivation by a tr 3 rpsin solution, hrs.~* 
Migration velocity, cm.’/sec. volt (cathode compartment) . . 


*For tbese measurements I am indebted to Miss M. McDonald. For method see 
Anson (14). 


the lower temperature and when the temperature is raised again a super- 
saturated solution is obtained. After several days the protein concentra- 
tion returns to the original value (broken lines of Fig. 3). 

The material A, which has a complex solubility curve is less soluble than 
B and the solubility decreases on repeated extractions. It is probable 
that this material contains some substance which is precipitated at the 
smaller salt concentration and which forms a solid solution with the chymo- 
trypsinogen. 

Apart from the solubility curves and a rather greater proportion of non- 
ptotein nitrogen in A', no significant difference between the fractions A' 
and C' could be detected. When converted by trypsin into chymotrypsm, 
they had practically the same activities per milligram nitrogen, as measured 
both by milk clotting and by the digestion of hemoglobin, and the velocity 
constants of the activation process were the same within the e3q)erimental 
error (see Table II). Since the accuracy of these measiurements is of the 
order of 5 per cent it can be concluded that the impurily in A and A', 
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which is not present in C, does not contribute more than 5 per cent of the 
total nitrogen, unless it is also capable of activation. It must be re- 
membered that if the molecular weight of the impurity is low the molar 
fraction may be appreciable and sufficient to produce a significant change 
of solubility. 

The impurity in this fraction is probably present in solution in the protein 
crystals. 1 f it were a separate phase the solid residue in the region PQ, in 
which the solutions are saturated with the main constituent but the sub- 
sidiary constituent continues to dissolve (Fig. 2 a), should consist of the 
pure protein. Some of this residue was collected and its solubility curve, 
shown by the dashed line in Fig. 2 «, indicates a greater concentration of the 
impurity in the residue; as might be expected for a solid solution. The 
dialysis of solutions of the fraction A' caused a small decrease in the amount 
of non-protein nitrogen, but had no significant effect on the solubility curve. 

The electrophoresis of solutions A' and C and of a mixture of A' and 
C in a m/15 citrate-hydrochloric acid buffer solution at pH 3.0 after equili- 
bration by dialysis with a large ejuantity of this buffer, was kindly examined 
by i)r. Alexandre Rothen of I'he Rockefeller Institute for Medical Research 
in Now York. The electrophoretic patterns obtained by him, using Longs- 
woith’s schlieren scanning technique, are shown in Fig. 4. 

In all cases only a single moving boundary was observed and the cathodic 
boun<laries in every case were extremely sharp. The mixture of A' and C 
showed no signs of any res('lution even after more than 15 hours migration. 
The migration velocities were approximately the same in all solutions, the 
small differences being attributable to slight variations of the pH in the 
dialyzed solutions. 

We conclude that no genuine fractionation of the protein has been 
achieved, but a small quantity of impurity has been concentrated in the 
fractions first precipitated. 'I'his is insufficient in quantity to produce any 
appreciable difference in the enzymatic properties and it does not produce a 
visible boundary in the electrophoretic pattern. But if the molecular 
weight of the impurity is comparatively low, its molar fraction in the 
crystals may be sufficient to produce the observed diminution of solubility 
of the protein and the break in the solubility cutve. The final fraction^ 
satisfy every test of a pure substance which has been applied. 

EXPERIMENTAL METHODS 

Preparation of the Material and Methods of Crystallization. The chymotrypsinogen 
was prejiared from beef pancreas by the method described by Kunitz and Northrop (13). 
It was rccrystallized from magnesium sulfate by dissolving in 2.5 volumes of 0.2 m 
acetic acid and then sufficient sodium acetate was added to produce a buffer of pH 4.0 




(a) A* + C after 188 min. (b) A' 4- C' after 15 hrs. 40 min. 



Cathode Anode Cathode Anode 

* {c) A* after 151 min. (d) C after 162 min. 

Fig. 4. Electrophoresis patterns of fractions A* and C' and mixtures of both (Dr. A. 
Rothen). 

Solution A^\ pH 2.98, velocity in cathode compartment 0.675 X 10~* cm.‘'^/sec. volt; 
gradient 4.09 volt/cm. 

Solution C'; pH 2.98, velocity in cathode compartment 0.667 X 10~^ cm.^/sec. volt; 
gradient 4.09 volt /cm. 

Solution A* 4- C': pH 3.0, velocity in cathode compartment 0.608 X 10 ‘ cm.*/scc. 
volt* gradient 4.09 volt /cm. for 188 minutes, 2.04 volt/cm. for additional time. 


'inn 



J. A. V. BUTLER 


201 


(22.6 ml. 0.2 H sodium acetate to 100 ml. 0.2 m acetic add), followed by 2 volumes of 
saturated magnesium sulfate. Nearly the whole of the protein crystallized out in the 
course of a few hours. In the fractionations the protein was dissolved in 2 volumes of 
acetic acid and the same proportion of sodium acetate; then sufficient magnesium sulfate 
was added to bring the concentration to one-third saturation. The crystals formed 
were ffitered off and the magnesium sulfate concentration was raised to about 0.45 
saturation, when a further crop of crystals was obtained. The remaining protein was 
precipitated by adding solid magnesium sulfate to saturation. In Series II, after the 
first crop of crystals, the magnesium sulfate concentration was raised at once to about 

0.7 saturation. 

Determination of the Solubility . — The protein was placed in a test tube with a marble 
or ball-bearing and the tube was completely filled with the solvent up to the rubber 
stopper. It was rocked in a thermostat at 19.S®C. d= 0.1° for 2 days. The tubes were 
now centrifuged and a portion of the clear supernatant liquid was carefully removed by 
pipette for analysis. These operations were carried out in a constant temperature room 
at 19.5°C. ± 0.5°. The total nitrogen in the liquid was determined by a semi-micro 
Kjeldahl method using 1 ml. samples. The material was shaken with fresh portions of 
the solvent until two successive solubilities were the samt and then a “solubility curve” 
was obtained by distributing the suspension in varying amounts among tubes filled with 
solvent. 


SUMMARY 

1. The conditions under which the phase rule may be applied to systems 
containing proteins are formulated. 

2. An attempt was made to fractionate ch 5 niiotrypsinogen, by crystal- 
lization in stages with increasing concentration of magnesium sulfate. No 
significant fractionation of the protein was achieved, but a small amount of 
impurity which affects the solubility, while having little influence on other 
properties of the material, was concentrated in the fractions first pre- 
cipitated. 

3. The solubility of the final fraction was independent of the amount of 
the saturating solid, from the first appearance of a solid phase, in solvents 
of three different pH’s. The solubility was independent of the environ- 
ment in which the crystals were formed (within the limits in which crystal- 
lization can be carried out) and the same value was reached from the 
supersaturated as from the undersaturated side. This material, therefore, 
conforms closely with the phase rule criteria of a pure protein. 

The author wishes to express his thanks to Dr. John H. Northrop^ for 
granting him the facilities of his laboratory and for much valuable advice. 
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MOLECULAR WEIGHT AND ELECTROPHORESIS OF 
CRYSTALLINE RIBONUCLEASE 

By ALEXANDRE ROTHEN 

(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, July 19, 1940) 

The present paper describes the results of ultracentrifugation, diffusion, 
and electrophoresis of crystalline ribonuclease whose methods of prepara- 
tion and properties have been reported by Kunitz (1).‘ 

Electrophoresis Studies . — Experiments were carried out from pH 4 to 
pH 10 in a Tiselius apparatus at 0° using the Longsworth scanning method 
for the observation of the boundaries (2). 25 to 30 ml. of solutions con- 
taining 1 per cent of three times crystallized ribonuclease were made up 
in appropriate buffers and dialyzed in collodion bags for several days at 
5“C. against 2 liters of the corresponding buffer solution. The outside 
buffer solutions were used to fill the upper compartments of the Tiselius 
apparatus. 

The results have been summarized in Fig. 1 which represents the mobil- 
ities of the sharper boundaries as a function of pH. Phosphate buffers 
were used from pH 6.8 to pH 8.8 and acetate buffer at pH 4.1, the ionic 
strength being 0.055. Two experiments were made in borate buffer 
at pH 8.9 and pH 10.1, ionic strength cat 0.03. 

The mobilities observed in the two latter cases were considerably dis- 
placed. The following values were found: u — -1-1-4 X 10“* at pH 8.9 
and « = — 1.4 X 10~‘ at pH 10.1. It is apparent from Fig. 1 that ribonu- 
clease has a very high isoelectric point at about pH 7.8. 

The electrophoretic patterns indicated the presence of only one moving 
component. The boundaries showed the phenomenon of reversible bound- 
ary spreading to a considerable extent. The boundaries moving towards 
the cathode were much sharper than the boundaries moving towards the 
anode. A few patterns have been reproduced in Fig. 2. The boundaries 
at pH 4.1, 7.8, and 8.9 can be seen in Fig. 2 a, 2 b, and 2 c respectiv^y. 

Diffusion MeasuremetUs.—D]&\is\on measurements were carried out at 
25“ in the apparatus used for the electrophoresis experiments. A 1 per 

* I am greatly indebted to Dr. KuniU who kindly prepared the solutions of ribonu- 
clease used in these investigations. 
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cent solution of ribonudease in 0.5 M (NH 4 )» S04, pH 5.8 was used. This 
solution had been dialyzed against a large volume of 0.5 m (NH 4 )tSO« 
which was used to fill the upper compartments of the cell into which the 
ribonudease was diffusing. • The results can' be seen in 'Fig. 3 which repre- 
sents the appearance of the boundary 53', 193, '373, '663, 1337, and 1842 
minutes after its formation. The following formula was used for the calcu- 
lation of the diffusion constant: 


H- 


4«<S*max. 



where D is the diffusion constant in cm.* /sec., S the diffusion area in cm.*, t 
time iii seconds and H — the maximum height 9 f the curve in cm. (3) . Since 
the magnification factor of the camera was unity, and since the terms S 
and H are both squared, the absolute magnitude of the deflectiqn of the 
rays depending on the geometry of the apparatus has no importance. The 
only assumption is that the refractive index varies linearly with the con- 
centration (within the range 0 to 1 per cent). The diffusion area should 
stay constant during the entire experiment. As can be seen from Table I, 
the value found for the areas is reasonably constant.* 

From these data the value of the diffusion constant was computed to 
be Z?** = 1.36 X 10-* (in 0.5 m (NH 4 )» SO 4 ). 

* The Hiffiiaing areas after S3' and 193' were too large. This increase in area might 
be due partly to spherical aberration of the camera objective which might play a part 

when the rim of the lens was used in the focusing of the extreme deviated rays. 
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UUracenlrifuge Studies . — ^The apparatus used was an air-driven centrifuge 
of the turret type described by Bauer and Pickets (4), Three methods 
were used to follow the course of sedimentation : the light absorption method 
for which a resonance mercury arc lamp served as sotjrce of light, the 
scale method of Lanun, and the 
“schlieren method” as used by 
Svensson in electrophoretic studies 
(5). The speed of the centrifuge 
was measured by a 631 A Strobotac 
built by the Crenerp Radio Com- 
pany. 

Rate of Sedime^j^on . — On ac- 
count of the relati]HH low molecu- 
lar weight of this enzyme, long 
time intervals were needed to ob- 
tain a sufficient displacement of 
the boundary. During that time 
a considerable am^pt of diffusion 
took place, makhfflp^ difficult to 
determine accurlReTy fhe maxima* 
of the displacement curves ob- 
tained by the scale or schlieren 
methods as well as the position of 
SO per cent concentration range 
when the absorption method was 
used. Only one moving compo- 
nent was observed, and the sym- 
metry of the curves (absorption, 
schlieren, or “scale” curves) indi- 
cated the fair homogeneity of the 
material. A schlieren diagram of 
the last experiment reported in 
Table II can be seen in Fig. 4. 

The abscissa represents the length of the cell, the material sedimenting 
from right to left. The ordinate is the displacement measuring the re- 
fraction gradient. The possibility of superimposing on a single plate the 
patterns obtained during the course of sedimentation is a distinct advantage 
of the method since it permits an easier computation of the rate of sedi- 
mentation. The interval between the first and second, as well as between 
the second and third curves was 1 hour, whereas between ri»e third and 
foiurth curves it was 2 hours. 



2c 


Fig. 2 
nuclease. 


Anode Cathode 

Electrophoretic patterns of ribo- 
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The microphotometer curves obtained by the absorption method for 
run 2 of Table 11 are reproduced in Fig. 5. The time of the first curve 



12 3 
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FlG. 3. Diffusion patterns of ribonuclease 


TABLE I 


Timti ffrf* 

373 

663 

1337 


Area 

2.23t 

3.40 


2.22 

MstTimnni 

1.89 



TABLE n 




nikk- 

Speed 

Total 

Mean 


X low 


•iXlOW 



nest cell 

time 

atore 

Abtorp- 

Uon 

Scale 

SchUe- 

ran 

Absorp- 

tion 

Scale 

Schlie- 

ren 

1.1160 

1.527 

3 

jn 

hrs, 

5H 

•c. 

26 

1.12 



2.35 

2.12 


1.0366 

1.145 

3 


5 

27.2 

1.91 

1.88 

— 

2.41 

2.37 

— 

>.0366 

1.145 

6 


4 

27.8 

— 

1.79 

1.87 

— 

2.26 

2.37 

1.0366 

1.145 

6 


4H 

26.5 

— 

1.85 

1.86 

— 

2.33 

2.35 


* If’* is the viscosity referred to that of water at 25” as unity. 


being zero, that of the second, third, fourth, fifth, sixth, and seventh curves 
is 1, 2, 2}, 3, 4, and 5 hours, respectively. 
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Different preparations of crystalline ribonuclease were used. No differ- 
ence in the rate of sedimentation could be detected in material recrystal- 
lized from ammonium sulfate solution or from dilute alcohol. Solutions of 
1 per cent ribonuclease and cells 3 and 6 mm. thick and 15 mm. long were 
used. The distance from the center of rotation to the middle of the cell 



Fro. 4. Schlieren diagram of ribonuclease 


was 6.5 cm. The results 
have been summarized 
in Table II. The medi- 
um was a solution of 0.4 
saturated ammonium 
sulfate in 0.1 m acetate 
buffer pH 4.1 for the 
first run and a solution 
of 0.5 M (NH4)2S()4 foi 

Fio. 5. Microphotometcr curves. Absorption method Others. Ihe con- 

stants of sedimentation, 

S 2 %y included in the last column, have been calculated from the usual cor- 
rection formula 

o ml"" Vibpib 

S 26 o I 

1726 1 “• ViPt 

where is the viscosity and pSs the density of water at 25° and rft and 
Pt the same constants for the medium used in the experiment. V is the 
specific volume of the protein as determined below. The observed rate 
of sedimentation of the first experiment reported in Table II -is small on 
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account of high viscosity and high density. However, this value reduced 
to water agrees as well as can be expected with the values cah'ulated from 
the other experiments. As can be sc‘cn, no systematic deviation could be 
observed between the three methods of observation of the boundaries. 

At the highest speed (57,600 r.p.m.) an increase of temperature of the 
rotor of ~ 1.2° per hour was observed when the vacuum was as good as 
possible; ix., 10“® mm. Hg. This increase was mainly due to heat gen- 
erated by friction of the residual air on the rotor. When computing the 
rate of sedimentation, the mean temperature between each successive 
position of the boundary was taken into account. 

Specific Volume. The specific volume was calculated from accurate 
determination of densities of solutions of known concentration. The fol- 
lowing determinations were made: 

Concentration 4.89 per rent in water, dr^ = 1 .0114,* specific volume V 2 h 

“ 4.89 = 1.01276 “ “ r26 

“ 2.443 “ “ “ - 1.0043 “ “ ¥ 2 ^ 

“ 2.373 - “ 0.5 M (NH4)2S()4, = 1.0405 

specific volume 1'25 

* Densities arc based on weights in vacuo. 

The value 0.709 was used for calculation. Tt should l)e noted that it is 
a very low value compared to that found for most proteins with the excej)- 
tion of cytochrome. 

Molecular Weif^lil from Rate of Sedimenlalion. Taking = 1.85 X 
10-13 (in 0.5 M (NH 4 ) 2 S 04 ) and D = 1.36 X K)-'’ (in 0.5 m (NH4)2S()4), 


= 0.709 
= 0.704 
= 0.707 

= 0.710 


the molecular weight according to the expression M 


RTs 

72(1 - Vp) 


becomes 


M = 12,700. 

Molecular Weight from Sedimentation Equilibrium. -A sedimentation 
equilibrium run was made in 0.5 m (NH 2 ) 2 S 04 solution in a cell 6 mm. 
thick and 15 mm. long. The speed was 14,400 r.f.m. and the temperature 
21.8°. The scale method was used for the determination of the distribu- 
tion of the refraction gradients with a scale distance of 10 cm. Total time 
of centrifugation was 66 hours, 

^ Fig. 6 summarizes the results. The curve represents the scale displace- 
ment as a function of the distance from the center of rotation from 6.466 
cm. to 7.047 cm.® Open circles represent measurements after 59^ hours; 


3 The difference 7.047 — 6.466 = 0.581 corresponds to 6 divisions of the diagram 
because the latter are a measure of the comparator readings which have to be reduced 

to cell <iistances by the factor 0.968, hence = 0.6. 

0.968 
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solid triangles, measurements after 66 hours. No systematic differences 
can be observed between the two sets of values and it can be concluded 
that equilibrium had been reached. 



The following formula was used for the calculation ot molecular weight: 

2itrin 

^ ” (1 - Vp)(»J - a® 

where Zm is the scale displacement at distance * from the center of rota- 
tion. From four pairs of values of Z, and corresponding x read on the 
curves, the following values for M were obtained: 12,000, 12,900, 13,400, 
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13,700, with a mean value M = 13,000 in good agreement with the value 
obtained from rate of sedimentation and diffusion data. Kimitz (1) found 
M = 15,000 ± 1000 from osmotic pressure measurements. 

There was observed a regular shift in the molecular weight depending 
on which pair of values was chosen for the calculation. Values correspond- 
ing to positions near the bottom of the cell gave higher values than those 
near the meniscus. 

This low value found for the molecular weight of a protein molecule shows 
how much caution should be exerted before accepting the idea of a universal 
protein building-stone of a weight of 17,600 (6). 

Dissymmetry Factor. — Since the molecular weight has been determined 
from parameters which do not include the assumption of Stokes’ law (equi- 
librium measurements or sedimentation plus diffusion measurements) 
it is possible to calculate the dissymmetry factor f/fo from the formula 

/ _ RT r 4Tiyg(l - 
/o “ 3 VRTs J 

where all symbols have their usual significance, ij is the viscosity in poises 
of the medium (not the solution) and N the Avogadro number. Introduc- 


ing the numerical values, one finds j = 1.04. 

/« 


This low value shows 


the high degree of symmetry of the shape of the molecule of ribonuclease, 
the most s)mimetric of all proteins investigated. With the aid of the for- 
mula of Herzog, lUig, and Kudar and of Perrin, the ratio of the two main 
axes of the molecules is calculated to be about 2. 


SUMMARY 

Electrophoretic studies on purified crystalline ribonuclease showed the 
absence of any impurities differing in mobility from the bulk of material. 

The isoelectric point of ribonuclease was found by electrophoresis to 
be at about pH 7.8. 

Ultracentrifuge studies indicated fmr homogeneity of ribonuclease in 
solution. Only one moving component has been observed. 

The molecular weight of ribonuclease was found to be 12,700 from rate 
of sedimentation (r*‘ = 1.85 X 10~“ in 0.5 M (NH 4 ) 2 S 04 ) and diffusion 
measurement {D = 1.36 X 10~* in 0.5 M (NH 4 )jS 04 ), in good agreement 
with the average value of 13,000 foimd from equilibrium measurements. 
This low value for the molecular weight of a protein would seem to dis- 
credit the value 17,600 as representing a universal unit weight for proteins 
in general. 
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The ^edfic volume was found to be 0.709. 

The dissymmetry factor j was found equal to 1.04. 

/« 
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Solubility Curves op Mixtures op the Soluble and 
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(Received for publication, July 19, 1940) 

Fractionation of Pepsin 

The experimental evidence in favor of the protein nature of enzymes has 
accumulated to such an extent that this view is now widely accepted. The 
question as to whether the enzyme preparations are pure proteins is, how- 
ever, much less certain. The problem is complicated by the difficulty of 
defining a pure protein. If homogeneity in the ultracentrifuge or electro- 
phoresis cell is considered as a sufficient test of purity then many proteins, 
including several enzymes, have been obtained in pure form. If constant 
solubility be considered as the criterion of purity then no protein, with the 
possible exception of trypsin (Kunitz, 1938) and chymotrypsinogen (Butler, 
1940; Kunitz and Northrop, 1938) has been prepared in pure form. The 
earlier results with pepsin may be taken as an example. Thus this protein 
is homogeneous in the ultracentrifuge (Philpot, 1935) and i>'. the electro- 
phoresis cell (Tiselius, 1938; Herriott, Desreux, and Northrop, 1940). 
The earlier preparations of Northrop (1930) showed constant solubility in 
certain solvents but not in others. Steinhardt was unable to obtain a 
sample of constant solubility in dilute acid. In addition, Northrop (1933) 
found that some samples of crystalline pepsin contained nearly 50 per cent 
inert protein and that all samples contain more or less of another enzyme 
especially active on gelatin (Northrop, 1931). Herriott (1938) found that 
pepsin prepared from different sources varied in specific activity. Holter 
(1931), and Dyckerhoff and Tewes (1933) also found sHght variations in 

* Fellow of the Belgian American Foundation. 
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activity. Desreux and Herriott (1939) have recently shown that these 
variable results are probably due to the fact that crude pepsin preparations 
may contain more than one active component which were not separable by 
the original method' of ■ purification and which differ in solubility. It 
became necessary, therefore, to develop a method of separating and i^lating 
one or more of these proteins. 

Desreux and Herriott (1939) showed that there were probably at leas( 
two active proteins present, a more soluble one which has an activity ot 
about 0.33 [P.U.J and a less soluble one having an activity of about 
0.2[P.U.Jp’^.orless.‘ 

The more active and more soluble component has been isolated by re- 
peated extraction with 0.6 saturated magnesium sulfate at pH 5.0 and 
crystallized. It has constant activity and constant solubility in several 
solvents. It appears to be at least as pure as any other known protein with 
the exception of chymotrypsinpgen. 

A more insoluble fraction has been prepared by repeated precipitation 
with 0.45 saturated magnesium sulfate at pH 5.0 which has about two-thirds 
the activity of the soluble fraction as measured by hemoglobin, but the same 
or slightly higher activity as measured by clotting of milk, digestion of 
casein, or casein or gelatin viscosity changes. This preparation does not 
have constant solubility and is undoubtedly still a solid solution of two or 
more proteins. When mixed with the pure soluble fraction variable solu- 
bility curves are obtained which resemble those of the original crude pepsin 
preparation. 

A third fraction has been obtained by dialysis in salt free solution at pH 
4.0 which . resembles this insoluble fraction (Desreux, unpublished ex- 
periments). 

A further fraction having a specific activity of about 0.6 [P.U.] as 
measured by hemoglobin digestion has been obtained in small , amounts 
from certain samples of pepsinogen. This fraction is extremely unstable 
and does not appear in commercial preparations. 

I. IsoUUion of Crystalline Pepsin of Constant Actmty and Constant Solubility 

in Certain Solvents 

Desreux and Herriott (1939) have shown that the solubility curves for 
* crude pepsin preparations demonstrate the presence of at least two proteins. 
These preliminary experiments indicated that the proteins were present as 
distinct solid phases; i.e., the crude preparation is a mixture. The present 
experiments show conclusively, however, that this is not the case but that 
the proteins are present as one solid phase of varying composition; i.e., a 
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solid solution. Application of Raoult’s law to such systems (Northrop and 
Kunitz, 1930) predicts that the residue left when nearly all the material 
has dissolved will contain more of the insoluble components than the original 
sample while the fraction dissolved when only a small amount of solid is 
dissolved * will contain more of the soluble components. The solubility 
curve, therefore, not only indicates the composition of the original material 
but also furnishes a method of separation of the components. This method 
is much more delicate than the usual method of fractionation by which the 
salt concentration is varied, instead of the protein concentration. 

The fractionation was found to be more complete the more alkaline the 
solution and, as predicted, the smaller the fraction dissolved. It was 
eventually found that a nearly complete separation could be obtained by 
extracting the crude protein with a large volume of a solution of 0.6 or 0.65 
saturated magnesium sulfate in 0.2 m pH 5.0 acetate. The pH is that of 
the maximum stability of pepsin. The method has been found satis- 
factory and reproducible with three preparations of pepsin from pepsinogen 
and with eight different preparations of Cudahy u.s.p. 1 : 10,000 soluble 
pepsin. One preparation from pepsinogen which had been stored at — 13°C. 
for 2 years did not give a complete separation by this method and some of 
the commercial preparations required more repeated extraction than others. 

The experimental details of two preparations of the material from pepsin- 
ogen are shown in Tables I and II. The solubility curves of the various 
fractions, in the amorphous form in (0.5 saturated magnesium sulfate, 
0.05 M pH 4.6 acetate) are shown in Fig. 1. 

It will be seen that there is little change in the specific activity but that 
the solubility of the extracted protein is much more nearly constant than 
that of the original preparation. The residue after extraction is less soluble 
and also inhomogeneous (Fig. 1 B). The soluble fraction after crystalliza- 
tion gives the theoretical curve for a protein containing only om component. 
Further extraction of this preparation causes no significant change in the 
solubility curves. The curves for the original sample, the portion dissolved, 
and the residue are the same (Fig. lA). 

The solubility of the fraction extracted increases with each step in the 
purification while the solubility of the residue decreases. This result con- 
firms the conclusion that the original preparation is a solid solution rather 
than a mixture since in the latter case the saturatetl solution in the presence 
of excess solid must contain all the comjxjnents and repetition of the solu- 
bility determination on this fraction must therefore yield the same value as 
that obtained from the original preparation. 

The solubility of the crude material is intermediate between that of the 
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TABLE I 

Preparation of Samples 13-2, 13-5, 13-8, 13-10, 13-12, and 13-13 



P^./ Total 
ml. P.N. Ba 


150 gm. purified amorphous pepsinogen-ammonium 
sulfate filter cake dissolved in 750 ml. m/ 10 di- 
potassium phosphate and dialyzed 24 hrs. against 

tap water (pH 6.5) 1 1000 ml. 6 

No. 1 plus 850 ml. water plus 125 ml. n/1 hydro- 
chloric add plus 75 ml. saturated magnesium sul- 
fate; stirred and let stand at 25^C. for 10 min. (pH 
1. 5-2.0). 2800 ml. saturated magnesium sulfate 
added slowly with constant stirring and filtered on 
hardened paper. Filtrate discarded. 

Predpitate 2 110 gm. 

Residue No. 2 plus 5 liters (0.65 saturated mag- 
nesium sulfate, 0.2 m pH 5.0 acetate solvent A). 

Stirred as a uniform suspension for 3 hrs., filtered. 

Predpitate 3 

Filtrate 4 4800 ml. 0.31 

Predpitate No. 3 plus 5 liters solvent A stirred 3 hrs., 
filtered. Predpitate 5 30 gm. 

Filtrate 6 5000 ml. 0.24 

Filtrate No. 4 plus filtrate No. 6 7 9800 ml. 0.28 

500 ml. No. 7-1-75 gm. solid magnesium sulfate dis- 
solved; then 10 ml. 4 li acetic acid; pH » »4.6, 

filter. Filtrate discarded. Predpitate 8 3.3 gm. 

Remainder of solution No. 7 -|- 1400 gm. solid mag- 
nesium sulfate* stirred and 350 ml. 5 N sulfuric 
add added (pH 2.0), filtered in ice box and washed 
once with 100 ml. cold n/50 sulfuric acid and 
filtered dry. Predpitate ■» 60 gm. Crystallized, 
see Table 1 a. Crystal cake filtered. 

Filtrate 9 52 ml. 4.8 

Crystal cake washed 5 times on the funnel with 10 
ml. 0.55 saturated magnesium sulfate, m/10 pH 
4.0 acetate; washings discarded. Crystal cake — 10 39 gm. 

10 gm. No. 10 + 100 ml. of solvent B (0.4 saturated 
magnesium sulfate, m/1 pH 4.6 acetate) stirred at 
25®C. rapidly without foaming for 1.5 hrs. Cen- 
trifuged and washed once with 10 ml. solvent B. 

Combined filtrate and washings 11 110 ml. 

Predpitate. ... 12 3-4 gm. 

No. 11 + equal volume of saturated magnesium sul- 
fate, filter; filtrate discarded. Predpitate 13 

* In this and all subsequent tables solid magnesium sulfate refers to crystalline 
MgS047Ha0. 
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TABLE la 

The method of crystallization was essentially the same as that previously described 
(Northrop, 1930). The amorphous precipitate obtained with magnesium sulfate was 
washed with acid instead of dissolving in water and precipitating with acid. The 
amorphous precipitate must be filtered dry and the amount of acid used to wash must be 
about equal to the weight of the amorphous cake. If too little acid is used, too much 
magnesium sulfate is left in the precipitate and crystallization is uncertain. If too much 
acid is used the protein dissolves. The following directions apply only tp crystallization 
of preparations which have been prepared from Cudahy pepsin by extraction with 0.6 
saturated magnesium sulfate, 0.2 m pH 5.0 acetate. Such preparations crystallize much 
more easily and completely than preparations obtained by the original method when 
using Cudahy pepsin. The method of Philpot (1935) may also be used but the yield 
is much smaller. 


Experimental Procedure 

Suspension of amorphous pepsin in 0. 8-0.9 saturated magnesium sulfate pH 2.5'-3.0 
filtered with suction on a large funnel so that the filter cake is less than 5 mm. thick. 
Filtration continued until precipitate begins to crack. Quantity of cold 0.02 n sulfuric 
acid equal to weight of the precipitate, approximately equivalent to 4 times the protein, 
poured on and filtered as dry as possible. Precipitate weighed and stirred with 1/4 its 
weight of water in tall, narrow beaker. Beaker placed in 1 liter jar of water at 35®C. 
and stirred into smooth paste. 0.5 m sodium hydroxide added very slowly with con- 
tinuous stirring until the precipitate is just dissolved. pH should be 3. 9-4.0. (If too 
much magnesium sulfate is left in the precipitate more sodium hydroxide is required. 
The pH of the clear solution is then 4.0-4.3.) The solution was stirred slowly, inocu- 
lated, although this is not essential, and allowed to cool slowly to 20®C. A heavy crys- 
talline precipitate appeared and the suspension was allowed to stand at 20°C. for 10'-20 
hrs. The beaker was then placed in a large vacuum jar and the jar put in the ice box for 
24 hrs. At the end of this time the crystallization was complete. If too much mag- 
nesium sulfate is present the crystals may be rounded or the suspension may set to a 
solid gel. 


TABLE II 

Preparation of Crystalline Pepsin, Sample No, 21, from Pepsinogen 
Procedure the same as for preparation of solution No. 7 in Table I except that a 
different sample of pepsinogen was used. 

Solution No. 7 precipitated by saturation with solid magnesium sulfate, filtered. 
Precipitate (92 gm.) extracted with 2300 ml. 0.6 saturated magnesium sulfate 0.2 m 
pH 5.0 acetate. Suspension filtered. Filtrate treated as described under solution No. 
7 in Table I. 

more soluble and the more insoluble components as would be predicted for a 
solid solution. The curve for the insoluble fraction also agrees with that 
expected for soUd solutions rather than mixtures. In the case of mixtures 
the solid phase which first appears must be a pure or nearly pure component 



218 


FRACTIONATION OF PEPSIN 


but the curves show that this fraction gives again a smooth rounded curve, 
characteristic of a solid solution. 

The preparation of several samples of the soluble fraction from various 
lots of Cudahy pepsin is shown in Tables III-VII. The solubility curves 
of these preparations in the amorphous form are shown in Fig. 2. The 



Fig. 1. Solubility curves of the amorphous form of various pepsin samples prepared 
from pepsinogen. Solvent, 0.50 saturated magnesium sulfate, 0.05 m pH 4.6 acetate 
buffer. In the method of plotting used in this and all subsequent sdubility curves 
the theoretical curve for a system of one solid component has a slope of 1 up to the 
appearance of the solid phase and is parallel to the abscissa axis thereafter (slope 0) 
(Northrop and Kunitz, 1930; Kunitz and Northrop, 1938; Butler, 1940). In those 
figures where the experimental points lie on or close to this theoretical curve, no other 
curve has been drawn. In those figures where the experimental points lie far from 
the theoretical curve a separate curve has been drawn through the oq^rimental point. 

preparations obtained from the commercial preparation have the same 
activity and solubility as those from pepsinogen. The solubility (in the 
amorphous state) is constant in (0.5 saturated magnesium sulfate, 0.05 m 
«pH 4.6 acetate) and also in (0.6 saturated magnesium sulfate, 0.2 m pH 5.0 
acetate). 

The absolute value for the solubility agrees with that previously reported 
(Northrop, 1930). Slight variations in this figure are due to slight varia- 
tions in temperature, salt concentration, or non-protein nitrogen. The 




R. M. HERRIOTT, V. DESREUX, AND J. H. NORTHROP 


219 


primary interest is in comparison of the different values of the solubility 
in the same experiment and for this reason no special precaution was taken 

TABLE in 


Preparation of Crystals 22-29 from 1:10,000 U.S.P. Cudahy Pepsin 



No. 


N.P.N. 

& 

si 



gm. 

pwemUl 


500 gm. Cudahy pepsin dissolved in 1 liter 0.5 m pH 5.0 acetate 




0.28 

buffer, 2 liters saturated magnesium sulfate solution and 200 
gm. Filter-Cel added. Filtered. Precipitate washed 3 times 
with 500 ml. solvent and stirred 2 hrs. in 15 liters solvent. 





Filtered. Filtrate saturated with solid magnesium sulfate, 
filtered. Precipitate. . . . 

1 

200 

20 

0.32 

Precipitate No. 1 stirred plus 200 ml. water, 0.5 m sodium hy- 





droxide stirred in clear solution. 0.5 n sulfuric acid stirred in 
until pH was 2.5. Stood 6®C. 24 hrs., filtered, and crystal- 
lized. Precipitate. . . . 

19 

40 

10 

0.34 

40 gm. No. 19 plus 500 ml. (0.5 saturated magnesium sulfate, 0.1 





M pH 4.0 acetate), stood 6®C. for 24 hrs. Filtered. 





Precipitate 

29 

35 

4 

0.33 


TABLE IV 

Preparation of Sample 25-11 

500 gm. Cudahy pepsin U.S.P. 1 : 10,000, lot No. 23, dissolved in 1 liter 0.5 m pH 5.0 
acetate. 2 liters saturated magnesium sulfate and 200 gm. Filter-Cel added; filtered. 
Precipitate, washed with 1 liter solvent* and stirred with 15 liters solvent 2 hrs. at 20®C.; 
filtered. Filtrate: 3 kg. solid magnesium sulfate and 300 ml. 5 n sulfuric acid added 
and filtered. Precipitate- 80 gm. 80 gm. precipitate stirred with 40 ml. water, warmed 
to 37®C., and 0.5 n sodium hydroxide added till clear. Stirred and cooled slowly to 
20®C. for 24 hrs. Small crop of large separate crystals (grey color), filtered. Precipi- 
tate, 25-6 (10 gm.). Filtrate: 100 ml. titrated to pH 3.0 with 0.2 n sulfuncacid, 100 ml. 
saturated magnesium sulfate added, filtered, and washed with 50 ml. cold n/50 sulfuric 
acid. 40 gm. precipitate crystallized (c/. Table la) and filtered. Precipitate, 20 gm., 
25-11. 


* Solvent— 0.6 saturated magnesium sulfate, 0.2 m pH 5.0 acetate buffer. 

to have the composition of the solvent or the temperature exacUy the same 
for different experiments. 

The solubility is constant and independent of the amount of solid present. 
The preparation, therefore, is a pure protein, or a mixture of two proteins 
present in proportion to their solubilities or a solid solution of two or more 
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proteins having very nearly the same solubility (Northrop and Kunitz, 
1930; Kunitz and Northrop, 1938; Butler, 1940). 

It will be noted that crystallization does not change the solubility curves 
markedly and in the case of pepsin from pepsinogen improves them. The 

TABLE v 


Preparation of 0.35 Pepsin 28-6 and 28-28 from Cudahy 1: 10,000 Pepsin 



No 

Quantity 

N.P.I 

.. ^ 

fiL 




P9rc§ 

nl 

1 kg. Cudahy pepsin dissolved in 2 liters 0.5 m pH 5.0 acetate, 




0.28 

4 liters saturated magnesium sulfate and 300 gm. Filter- 
Cel added, filtered. Predpitate washed twice with 1 liter 
solvent. Precipitate stirred 20 hrs. with 4 liters solvent. 
Filtered. Filtrate 

1 

4 liters 


0.34 

Precipitate 

2 

1200 gm. 


Filtrate No. 1, saturated with solid magnesium sulfate, 60 gm. 
Filter-Cel added and filtered. Precipitate stirred with 300 
mi. (0.2 saturated magnesium sulfate, 0.4 m pH 5.0 acetate) i 
and Altered. 300 ml saturated magnesium sulfate added 
to filtrate and filtered. Filtrate saturated with solid mag- 
nesium sulfate and filtered. Precipitate. ... I 

'.1 

1 

10 gm. 

15 

0.33 

Predpitate No. 2, stirred with 6 liters (0.2 saturated mag- 





nesium sulfate, 0.4 m pH 4.0 acetate) filtered. Filtrate; 

4 liters saturated magnesium sulfate added and filtered. 
Filtrate: Saturated with solid magnesium sulfate, 30 gm. 
Hjrflo Super-Cel added, filtered, and washed with 0.6 
saturated magnesium sulfate. Precipitate stirred with 2 
liters (0.2 saturated magnesium sulfate, 0.4 pH 5.0 ace- 
tate), filtered. Filtrate: 2 liters saturated magnesium 
sulfate added, plus 30 gm. Hyfio Super-Cel and filtered. 
Filtrate: Satiirated with solid magnesium sulfate plus 30 
gm. Hyfio Super-Cel and filtered. Precipitate: 170 gm. 
stirred with 1 liter 0.2 saturated magnesium sulfate, 0.4 
pH 5.0 acetate, filtered. Filtrate: 1 liter saturated mag- 
nesium sulfate added, very slight precipitate after 1 hr. 
Saturated with solid magnesium sulfate and filtered. 





Predpitate 

28 

20 gm. 

15 

0.34 


fact that the solubility is constant in two different solvents and is not 
changed by recrystallization, renders it very unlikely that the preparations 
consist of a mixture of proteins, present in proportion to their solubility or 
solid solutions of proteins having nearly the same solubility. This possibil- 
ity, however, cannot be completely excluded but may be rendered more 
improbable by repeating the measurements in several other solvents. 
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TABLE VI 

Preparation of 74-11, 74-56, and 74-58 


500 gin* CudEhy U.S.P. Is 10,000 pepsin (mixture of six dif- 
ferent lota) dissolved in 1 liter 0.5 m pH 5.0 acetate buffer, 

3 liters saturated magnesium sulfate, and 75 gm. Filter-Cel 
added. Filtered. Precipitate washed with 1 liter solvent.* 

Precipitate stirred 18 hrs. 20^C. in 14 liters solvent. Fil- 
tered. Filtrate 1 14 Ij 

5 kg. solid magnesium sulfate added to filtrate; filtered. Pre- 
cipitate stirred with 3.5 liters solvent 18 hrs. 20*C. 

Suspension 3 4 11 

Filtered. Filtrate 4 

Filtrate: 8(X) gm. solid magnesium sulfate and 30 gm. Filter- 
Cel added and filtered. Precipitate: Stirred 6 hrs. 20°C. 

with 2 liters solvent. Suspension 6 2.5 liters 

Filtered. Filtrate 7 

Filtrate 7: 400 gm. solid magnesium sulfate and 30 ml. 5 n sul- 
furic acid added, filtered, crystallized (^. Table la) 11 50 g 

30 gm. No. 11 washed on filter with 100 ml. (0.5 saturated mag- 
nesium sulfate, 0.05 m pH 4.6 acetate) and stirred with 3 
liters (0.5 saturated magnesium sulfate, 0.05 m pH 4.6 
acetate) 20 hrs. 20*C. Filtered. Filtrate: 400 gm. solid 
magnesium sulfate, 50 ml. 5 n sulfuric acid added. Filtered 

and precipitate crystallized. Crystals 30 15 g 

10 gm. 74-30 suspended in 1 liter (0.5 saturated magnesium 
sulfate, 0.1 M pH 4.0 acetate) 24 hrs. 6°C., filtered. Pre- 
cipitate washed 3 times with (50 ml. 0.5 saturated mag- 
nesium sulfate, 0.05 m pH 4.6 acetate) and stirred with 
500 ml. (0.5 saturated magnesium sulfate, 0.05 m pH 4.6 
acetetc) 20*C. 24 hrs.; filtered. Precipitate. 56 5 g 

Filtrate 56F 500 n 

Precipitate 74-56 stirred with 50 ml. (0.5 saturated magnesium 
sulfate, 0.05 m pH 4.6 acetate) 24 hrs., 20®C., centrifuged. 

Supernatant... 561 

Precipitate, above treatment repeated. Supernatant. . . 562 

« «« « “ Supernatant... 563 

Precipitate stirred with 15 ml. (0.5 saturated magnesium sul- 
fate, 0.05 M pH 4.6 acetate) 24 hrs., 20®C., centrifuged. 

Supernatant... 564 

Precipitate 74-56, above treatment repeated. Supernatant. . 565 

Precipitate 566 0.5 g 

Filtrate 56F: 100 gm. solid magnesium sulfate, 10 ml. 5 n 
sulfuric add added, filtered and washed, and precipitate 

crystallized. Crystals 58 0.5 g 

58 suspended in 200 ml. (0.5 saturated magnesium sulfate, 0.1 m 
pH 4.0 acetote) 24 hrs ., 6°C., filtered. Predpitate. . . . 60 0.45 g 

> Solvent— 0.6 saturated magnesium sulfate, 0.2 m pH 5.0 acetate buffer. 


0.5 gm. 


0.5 gm. 
0.45 gm. 
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TABLE VII 

Preparaiion of Sample 75-8 

Mixed lot of six batches Cudahy pepsin U.S.P. 1 : 10,000. 1 kg. dissolved in 2 liters 
0.5 M pH 5.0 acetate buffer, 4.5 liters saturated magnesium sulfate, and 50 gm. Hyflo 
Super-Cel added. Precipitate filtered and washed with 1 liter solvent.* Precipitate 
stirred 20 hrs. at 20°C. with 14 liters solvent, filtered, and washed with 1 liter solvent. 
14 liters filtrate. 3 kg. solid magnesium sulfate added to filtrate and 100 gm. Filter-Cel 
and filtered. Precipitate washed with 1 liter solvent. Precipitate stirred with 2.5 
liters solvent 20 hrs. at 20®C. Filtered. 500 gm. magnesium sulfate added to filtrate 
and 60 ml. 5 n sulfuric acid stirred in. Filtered and precipitate washed with 100 ml. 
cold n/50 sulfuric acid; precipitate, 100 gm. Crystallized. (C/. Table la.) 40 gm. 
good crystals, some in clusters. Crystalline precipitate filtered, washed with 200 ml. 
0.5 saturated magnesium sulfate, 0.1 m pH 4.0 acetate. Suspended in 300 ml. 0.5 satu- 
rated magnesium sulfate, 0.1 m pH 4.0 acetate = 75-8. 

* Solvent = 0.6 saturated magnesium sulfate, 0.2 m pH 5.0 acetate. 



* Fig. 2. Solubility curves of different samples of soluble pepsin in the amorphous form 
in magnesium sulfate solution. 

From what is known of solubility in general and that of proteins in particu- 
lar it is unlikely that two or more proteins would have even approximately 
the same solubility in a variety of solvents at different pH’s. 
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In order to extend the solubility measurements to other solvents and 
to obtain values for the solubility of the crystalline protein the measure- 
ments were repeated with the crystalline protein in several different solvents. 

Conditions Used in the Solubility Determinations , — In order to apply the phase rule to 
solubility curves the following conditions are necessary (Northrop and Kunitz, 1930; 
Butler, 1940; Kunitz and Northrop, 1938). 

1. The system must be at equilibrium, i,e, the concentration of the various com- 
ponents must not change with time due either to a chemical reaction or to incomplete 
saturation of the solution with the solid. 


TABLE vm 

Increase in Non-Protein Nitrogen in Various Solvents 


Crystalline preparation 58-18 washed with (0.5 saturated magnesium sulfate, 0.05 m pH 4.6 acetate) and then 
with water; dissolved in water and t ml. solution added to 50 ml. of solvent noted. 15 ml. solution in test tube 
with glass beads and rotated twice per min. at 20”C. Analysed for total and non-protein nitrogen at once and 
after 7 days. 


Solvent 


Total N, mg,/nil 

Prot. N, fng,/nd 

N.P.N. at once, 

mg,lrvd 

N.P.N. after 7 days, 

mg,/ml 

Increase in N.P.N., 

mg,fml 

Increase in N.P.N. as 
per cent of original 

value 

Protein decomposed, 
per cent 


0.002 HCl 
0.098 KCl 

0.5 sat. MgSOi 
0.05 pH 4.6J 
acetate 

0.52iiNasSOt 

1 X 10-»HtSO4 

0.35 sat. MgSOi 

1 X l(r*HiSO« 

0.9 sat. MgS^0« 
0.1 M Na X 

0.28 

0.28 


0.28 


0.28 

0.28 

0.264 

0.265 


0.264 


0.265 



0.016) 

0.0171 

0.0165 

0.017) 

0.015 

0.016 


(0.017) 


0.0441 

0.042J 

0.043 

0.028' 

0.033, 

0.030 


029 

0.028/ 

0.063 

0.0265 

0.014 


0.018 

0.012 

400 

160 

90 


108 

90 

24 


10 

5.3 

6.8 

5 


2. The concentration of all components except the protein must be the same in all 
systems conUining solid protein. If it is not, the system has one degree of freedom and 
no conclusion can be drawn concerning the nature or number of the protein components 

present. , . , 

In addition to these theoretical requirements it is necessary for practical reasons to 

choose a solvent in which the protein has an accurately measurable solubility. 

The unstable nature of protein in general and pepsin in particular rendem fulfillnumt 
of these requirements difficult. Pepsin is known to decompose m solution with Ae 
formation of non-protein products at a measurable rate under any conditions so far 


Th^^first solubility determination made by Northrop (1930) wm done with m/ 100 
hydrochloric acid. It was found that inactivation occurred so rap^y under thi^ con- 
ations as to render the experiment valueless. The ra e of inactivation slowed do^ 
rapiTy « the decomposition products coUected m solution so that solutions which 
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already contained 10 per cent or more non-protein nitrogen appeared to be fairly stable. 
It is probably for this reason that Steinhardt considered the enzyme to be stable at pH 
2.5. However, as soon as the non-protein nitrogen is removed more is rapidly formed. 

The inactivation of solutions of pepsin in various solvents stirred gently at 20*’C. 
(without any air bubbles) is shown in Table VIII. The table shows that in (0.098 
potassium chloride, 0.002 hydrochloric acid) the non-protein nitrogen increases 400 per 
cent in 7 days equivalent to 24 per cent of the total protein present. In (0.5 saturated 
magnesium sulfate, 0.05 m pH 4.6 acetate) the corresponding figures are 160 per cent 
and 10 per cent, while in sodium sulfate, magnesium sulfate without acetate, or 0.9 




Fig. 3. Decomposition of pepsin in 0.1 m pH 4.6 acetate buffer at 25®C. and 0®C. 

Fig. 4. Decomposition of a suspension of crystalline pepsin in 0.1 m potassium chlo- 
ride pH 2.7 and 5®C. 


saturated magnesium sulfate, 0.1 m sodium acetate (pH 6.0) they are about 100 per cent 
and 5-7 per cent. It requires 1-3 days for equilibrium to be reached under these condi- 
tions so that even in the most favorable solvent there is significant decomposition while 
in dilute hydrochloric acid, decomposition is so marked as to render this solvent un- 
suitable. 

Fig. 3 shows the rate of decomposition of pepsin in solution in n/10 pH 4.6 acetate 
buffer at 25^C. and O^C. It will be noted that the rate of inactivation apparently 
decreases rapidly after reaching 9 per cent at O^’C. and 15 per cent at 25^C. However, 
if the results are plotted against the square root of the time it is evident that the rate is 
nearly constant and is proportional to the square root of the time. The square root 
relation is characteristic of pepsin hydrolysis curves and is probably the result of the 
inhibiting action of the products of the reaction. The decomposition of a suspension of 
crystalline pepsin in 0.1 ic potassium chloride pH 2.7 at 5^C. without stirring is shown in 






R. M. HERRIOTT, V. DESREUX, AND J. H. NORTHROP 


225 


Fig. 4. Even under these conditions the inactivation is much too rapid to allow the use 
of the solvent. Comparison of these results with those in Table VIII shows that the 
per cent increase in non-protein nitrogen in the suspension is less than that in the solution 
at nearly the same pH. The increase in non-protein nitrogen expressed as per cent of 

TABLE DC 

A. Formation of Non-Protein NUrogen under Different Conditions 


In 0.1 U pH 4.6 AcUatt Bnjfw 

3 goL crystalline pepsin in 35 ml. k/10 pH 4.6 acetate. Dialyzed at 7*C. against m/10 pH 4.65 aceUte buffer. 


Time dialysed 

Per cent N.P.N. inside 

Total N.PN. 

ToUlN.PN.lndialysate 

days 


mg. 

mg. 

0 

12 

30 

0 

2 



26 

5 



37 

7 

1.5 


41 


B. In OA Saturated Magnesium Sulfate and 0.5 M pH 4.6 Acetate 


5 gm. crystalline pepsin stirred for 20 min. at 22*C. with 20 ml. solvent Centrifuged and supernatant 
analyzed for protdn and non-protdn nitrogen. RQ)eated 6 tiniM. 



Protein nitrogen 

Non-protein nitrogen 


mg. 

mg. 

Original suspension 

221.5 

8.5 

In combined extracts 

189.8 

17.7 

In residue 

23 

1.15 

Total present after extractions 

212.8 

18.85 

Protein nitrogen lost 

8.7 


Non-protein nitrogen formed 


10.3 


C. Solution of Pepsin 6-17, 0.33 [P.U.\^in Water Adjusted to Various pH with 


Hydrochloric Acid 

Temperature 0*C. 1 mg. nitrogen/ml. 



4.6 

3.5 

2.S 


After 0 hrs 

Non-profsin i 

3 

7 

125 

nitrogen as por eont oj 

3 

12 

300 

total nitrogen 

3 

12 

300 

« 70 “ 

Per cent increase non-protein nitrogen — 


the dissolved protein is, however, nearly the same. Decomposition occurs in solution 
therefore and not in the solid protein, as is to be expected. For this reason the forma- 
tion of non-protein nitrogen in a concentrated suspension may be too small to be detected. 

The formation of non-protein nitrogen during dialysis against m/10 pH 4.6 acetote or 
ilnr in g repeated washing with (0.5 m saturated magnesium sulfate, 0.05 M pH 4.6 acetate) 
is shown in Table IX. In both cases the amount of non-protein nitrogen eventually 
formed in solution is considerably greater than the totol amount originally pr^nt show- 
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ing that it is actually formed during the experiment. This is confirmed in Table IX B 
since the loss of protein nitrogen is equal, within the experimental error, to the gain in 
non-protein nitrogen. 

In Table IX C the formation of non-protein nitrogen in solution at O^C. and pH 4.6, 
3.5, and 2.5 is shown. This sample was unusually low in non-protein nitrogen at the 
beginning of the reaction and the rate of formation is correspondingly higher. It is 
evident from the foregoing that there is no general relation between the per cent of non- 
protein nitrogen in the solid and in the solvent but that the ratio varies depending on 
the solvent used. In 0.5 saturated magnesium sulfate and 0.1 m pH 4.0 acetate, for 
instance, only non-protein nitrogen appears in solution and no protein nitrogen. Never- 
theless, it is not possible to completely remove the non-protein nitrogen in any solvent 
so far used since the diffusion of the non-protein compounds into the solution is slow and 
in the meantime more non-protein nitrogen is formed. 

It is evident from these results that pepsin decomposes to a measurable extent in all 
solutes tried, in the course of several days. Solubility determinations must therefore be 
carried out as rapidly as possible. The solubility of the amorphous form may be deter- 
mined in less than 1 hour and in this time no detectable decomposition will occur. The 
method has the further advantage that no stirring is necessary. The method has the 
serious disadvantage, however, that there is always some uncertainty as to whether 
the values obtained are equilibrium values or not. 

The amorphous form is unstable and at true equilibrium must all change over to the 
crystalline state. It follows necessarily that the amorphous form is more soluble. It 
is possible, however, by working rapidly under conditions where the protein does not 
crystallize easily to obtain values for the solubility of the amorphous form which arc 
equilibrium values in the sense that the same value is reached by precipitating or by 
dissolving the solid. The measurements are made by diluting a suspension of the crys- 
tals or amorphous protein in the solvent to be used, with a part of the solvent in which 
the protein is soluble and then adding the other part of the solvent so that the final 
solutions all have the same pH and salt concentration. In the case of (0.5 saturated 
magnesium sulfate, 0.05 m pH 4.6 acetate) the protein is washed several times with the 
solvent and the precipitate then dissolved in 0.1 M pH 4.6 acetate. If the protein is in 
crystalline form it is essential to allow the solution to stand several hours so as to be 
sure all crystals are dissolved, otherwise crystallization will occur as soon as the salt 
solution is added. Pepsin does not crystallize readil>' in this solvent unless crystals are 
already present to serve as inoculation (cf. Northrop, 1930). An amount of saturated 
magnesium sulfate exactly equal to the quantity of acetate previously added is then 
added slowly with constant stirring so as to avoid local excess and subsequent precipita- 
tion. The tube is allowed to stand for 1-4 hours and then filtered. If filtered too soon 
the solution may be supersaturated and this is apt to be the case when the amount of 
precipitate is very small. If allowed to stand too long crystallization will start. It has 
been found that the value after 1 hour standing is fairly constant and agrees quite closely 
with that obtained by stirring the solid with the solvent. An example of an experiment 
which shows the effect of time of standing and of the presence of inoculating crystals is 
shown in Table X. 

Solubility of the Crystalline Protein, Time for Equilibrium to Be Reached , — It is evi- 
dent from the inactivation experiments that some decomposition occurs even in 24 hours. 
It is necessary therefore to obtain solubility equilibrium as rapidly as possible. The 
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rate of solution, other things being constant, is proportional to the rate of stirring but 
unfortunately the rate of decomposition also increases with the rate of stirring and, if 
foaming occurs, may become very great. The method of rapid stirring described earlier 
(Northrop, 1930) gives very quick saturation but it is difficult to obtain stirrers suffi- 
ciently free from vibration. It was found that rotating the suspension in 10 X 0.7 cm. 
tubes containing 3-5 glass beads 2 mm. in diameter gave nearly constant solubility 
values in from 6-24 hours. The tubes are rotated around their short axis about 5 times 
per minute. Under these conditions the concentration of protein nitrogen in sodium 


TABLE X 

Effect of Time of Standing at 20^C, on SolubUily of Amorphous Pepsin 
. {0.5 Saturated Magnesium Sulfate 
\0.05 M pH 4.6 Acetate 


Crystals 74-30 washed with (0.5 saturated magnesium sulfate, 0.05 ii pH 4.6 acetate) and suspended in same 
solvent. Suspension I. 5 mg. N/ml. 



A 

5 ml. suspension I + 10 ml. 0.10 m pH 
4.6 acetate, stood until nearly clear 
and 10 ml. saturated magnesium sul- 
fate added, 20®C. Stood at 20‘*C. 
and samples filtered and analyzed for 
protein nitrogen as noted. 

Total P.N. » 1.0 mg./ml. 

B 

Same as A but stood in acetate 4 hrs. 
before addition of saturated mag- 
nesium sulfate. 

Total P.N. ■» 1.0 mg./ml. 

Time after 
addition of 
saturated 
magnesium 
sulfate 




P.N./ml. filtrate 

P.N,/fid. filtrate 

1 min. 

1.0 

1.0 

10 min. 

0.90 

1.0 

1 hr. 

0.70 

0.90 

6 hrs. 

0.50 (highly retractile large particles) 

0.90 fine amorphous precipitate 


Suspension of amorphous precipitate added slowly to 10 ml. solvent until slitylit permanent 
turbidity. Total nitrogen/ml. ■» 1.0. Nitrogen/ml. dissolved — 0.85. 


sulfate solutions remains constant within 3 per cent from 6 to 24 hours at 20®C. There 
is a slow steady increase over longer periods of time. Similar results were obtained in 
the other solvents except that in some experiments the protein concentration in (0.5 
saturated magnesium sulfate, 0.05 m pH 4.6 acetate) increased lD-20 per cent per day. 
After 48-72 hours a secondary more rapid increase frequently occurs which is probably 
due to the growth of mold in the suspensions. 

All experiments were done by stirring the precipitote with several successive portions 
of the solvent until a constant value for the protein nitrogen per milliliter was obtained 
on two or more successive solutions. Equilibrium is obtained in a few hours in such con- 
centrated suspensions and the per cent of the total protein dissolved is small. .Variation 
in these preliminary washings must therefore be due to changes in the concentration of 
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one or more components of the solvent ((/. Butler, 1940). Conversely, if the solubility 
of the protein is constant in successive washings it may be assumed that the composition 
of the solvent is constant. The suspension b then diluted with the solvent so as to ob- 
tain a series of suspensions containing varying quantities of solid protein and the tubes 
are rotated for 6-24 hours at 20®C. They are then filtered through Whatman No. 42 
paper and the filtrate analyzed. This method of distribution is not so sensitive as the 
method of successive washings. The latter method, however, necessarily extends over 
many days and is evidently inapplicable to such an unstable protein as pepsin. 

Non-Protein NUrogen. — ^The experiments on the rate of decomposition of pepsin show 
that significant quantities of non-protein nitrogen are formed even in 24 hours at 20®C. 
so that these compounds must be considered as components of the system. In this case 
there are five components, water, salt, acid, non-protein nitrogen,^ and protein, and 
two phases, solid and solution. If the temperature, pressure, acid, non-protein nitrogen. 


TABLE XI 

Per CetU Non-Protein NUrogen in PrecipUate from DUute Suspension and in Supernatant 
from Concentrated Suspension in Various Solvents 


Solvent 

Piecipitote 

Non-protein nitrogen as per 
cent of total nitrogen 



In precipitate 

In supernatant 

(0.5 saturated magnesium sulfate, 

Amorphous 

s.o 

5.0 

0.05 H pH 4.6 acetate) 

Crystab, average of 13 anal- 
yses 

5.1 

15.3 

0.52 M sodium sulfate 

Crystals 

4.8 

9.0 

(0.9 saturated magnesium sulfate, 
0.1 1C sodium acetate) 

Crystals 

6.0 

10.0 


and salt are constant, and only one protein component is present, the system is fixed and 
the protein concentration must be constant. If the protein is not constant under these 
conditions then there must be more than one protein component. 

If, however, the non-protein concentration varies in the system then the system will 
have one degree of freedom even though the salt and acid are constant. In this case 
variation in the protein concentration does not necessarily prove the presence of more 
than one protein component. 

Before it is possible to interpret the solubility curves, therefore, it is necessary to 
know whether or not the non-protein nitrogen is constant. In order to do this the pre- 
cipitate from a dilute suspension and the filtrate from a concentrated suspension in the 
various solvents under consideration were analyzed. Any variation in composition 
would be expected to appear in these two fractions, whether the system is considered a 
mixture or solid solution. If the composition of these fractions is the same the compo- 
sition ot all the others may be considered constant. Table XI shows that with (0.5 

^Actually there are undoubtedly a number of different non-protein components 
present, but since no method of analysis is available for the individual components they 
are considered as one. 
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saturated magneaum sulfate, 0.0S u pH 4.6 acetate) the per cent non-piotein nitrogen 
in the atnorphous precipitate is the same as that in the filtrate. Any variation in the 
dissolved protein concentration in this system therefore indicates the presence of more 
than one protein component while constant protein concentration indicates the presence 
of only one protein component. In the case of the crystals, however, this is not the case. 
The per cent of non-protein nitrogen is higher in the filtrate than in the precipitate. In 
this case, therefore, there is still one degree of freedom, even though the acid and salt are 
fixed and variations in protein concentration do not necessarily indicate the presence of 
more than one protein component. 

The results of the solubility measurements on various preparations of 
the crystalline protein are shown in Figs. 5-8. 

The curves show that the solubility is constant and independent of the 
amount of solid phase present in the following solvents. Amorphous form 
in (0.5 saturated magnesium sulfate, 0.05 m pH 4.6 acetate) or (0.6 saturated 
magnesium sulfate, 0.2 m pH 5.0 acetate). Crystalline form in 0.76 m 
sodium sulfate pH 4.1, 0.52 m sodium sulfate pH 3.9, 0.9 saturated mag- 
nesium sulfate pH 6.0, 0.1 m sodium acetate, 3.2 m sodium chloride pH 3.8, 
or 0.4 saturated magnesium sulfate pH 3.8. 

The solubility of both the amorphous and crystalline forms in (0.5 satu- 
rated magnesium sulfate, 0.05 m pH 4.6 acetate) and of the crystalline form 
in 0.52 M sodium sulfate agrees closely with that previously determined 
(Northrop, 1930). 

The original and the present preparations both gave constant solubility 
in the amorphous form in (0.5 saturated magne.sium sulfate, 0.05 m pH 4.6 
acetate) and in the crystalline form in sodium sulfate. The solubility curves 
of the crystals in (0.5 saturated magnesium sulfate, 0.05 M pH 4.6 acetate) 
are not constant but arc rounded in the dilute suspensions. This abnor- 
mality is discussed below. 

The earlier experiments were made with pepsin which had been crystal- 
lized directly from Parke, Davis preparation without previous fractionation 
of the protein. Pepsin prepared in this way from commercial preparations 
now available does not give constant solubility in any solvent tried. The 
original preparation was repeated many times but only one lot of commer- 
cial pepsin was used. Evidently this particular lot of crude pepsin was more 
homogeneous than usual. 

In (0.2 M pH 4.4 acetate, 1.0 M sodium sulfate), (0.2 m pH 3.5 acetate, 
0.5 M sodium sulfate) or (0.5 saturated magnesium sulfate, 0.05 M pH 4.6 
acetate) however, the points do not fall on the theoretical curve for a system 
of one solid phase of one component but are below this curve in the dilute 
suspensions (Fig. 5). The same result was obtained in the original ^lubil- 
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ity experiments. All these solvents contain acetate buffer, while the corre- 
sponding solvents without the acetate buffer give theoretical curves. 
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Fig. 5. Solubility of crystalline pepsin, sample No. 13-10 circles and No. 21 triangles, 
in various solvents at 20°C. For preparation of these samples see Tables I and II. 


There are two possible explanations for this discrepancy: 

1. The variation in non-protein nitrogen affects the solubility of the 
protein in the presence of acetate buffer but does not do so in the other 
solvents. This explanation predicts that the addition of non-protein nitro- 
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N per mL- total 


Fig. 6. Solubility of crystalline preparation No. 75-8 (see Table VII) in various 
solvents at 20®C. 


• " « 4krs.) ^ 

% TotaZK 7 hrs. (KjeU^M) 

A Protein N from activity~7 hrs. 



Fig. 7. Solubility of crystalline preparation No. 22-29 (see Table III) in 0.52 h 
sodium sulfate, 2.5 X 10“* sulfuric acid at 20®C. 

gen will affect the solubility of the protein in the presence of acetate but will 
not do so in the absence of acetate buffer. As will be seen below this is the 


case. 






232 


FRACTIONATION OF PEPSIN 


2. More than one protein is present. The solubilities of these proteins 
are nearly the same in the absence of acetate but are different in the pres- 
ence of acetate. This explanation predicts that the protein can be further 
separated by fractionation in the solvents containing acetate. The results 
show that this cannot be done. 

Ejffect of Non-Protein Nitrogen on the Solubility of Pepsin in {0.5 Saturated 
Magnesium Sulfate, 0.05 M pH 6.4 Acetate) and in 0.52 ii Sodium Sulfate, 
pH 3.P. -The substances grouped together as non-protein nitrogen may be 
quite different in different solvents. All that is known about them is that 
they are formed by decomposition of the protein and that they do not precip- 
itate with 2 per cent trichloracetic acid. In order to test their effect on the 
solubility of the protein therefore it is necessary to have a solution prepared 



Fig. 8. Solubility of crystalline preparation No. 25-11 (see Table IV) in 0.52 M sodium 
sulfate, 2.5 X 10-’ sulfuric acid at 20“C. Protein nitrogen determined by turbidity. 

as nearly as possible under the actual conditions of the solubility experiment. 
The solution containing the non-protein nitrogen was prepared therefore 
from a saturated solution of the protein in the solvent by heating the solu- 
tion as rapidly as possible and filtering off the denatured protein. The 
details of this procedure are shown in Table XII. 'ITiere is no change in 
the pH or non-protein nitrogen content of the magnesium sulfate-acetate 
solvent upon removal of the protein in this way. In sodium sulfate the 
non-protein nitrogen increases and the pH becomes slightly more alkaline 
upon heating. This difference is due to the fact that pepsin is more active 
in the less concentrated sodium sulfate than it is in the magnpcb im sulfate 
so that more non-protein nitrogen is formed from the denatured protein 
befoih inactivation is complete. 

The effect of the solvents on the solubility of the protein is shown in 
Fig. 9. The solubility in the magnesium sulfate-acetate solvent is decreased 
markedly by the presence of the non-protein nitrogen and the resultant 
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Curve deviates more from the theoretical than does the curve in which pure 
solvent was used. It must be remembered that the suspension in the pure 
solvent also contains the non-protein nitrogen which is formed during 
the solubility experiment. It is evident that this effect of non-protein 
nitrogen on the solubility is quite sufficient to account for the deviation 
of the results from the theoretical curve in this solvent. It is quite possible 
that this effect of the non-protein nitrogen is due to the formation of a solid 


TABLE xn 

PreparaUon of ^^Non-Protein Nitrogen Solvents'^ Fig. 9 



No. 

Nltrosen/ml. 


Protdn 

Non-protein 

(0.5 saturated magnesium sulfate, 0.05 m pH 4.6 





acetate) 





Suspension of sample 54-19 in (0.5 saturated mag- 





nesium sulfate, 0.05 m pH 4.6 acetate) 

1 

0.50 

0 

3.90 

Suspension No. 1 rocked 20'C., 24 hrs 

2 

0.50 

0.03 

3.90 

Filtered. Filtrate 

3 

0.20 

0.03 

3.90 

Filtrate No. 3, heated to lOO^C. for 1 min., cooled, and 





filtered 

4 

0 

0.05 

3.90 

Solution No. 4 used in solubility experiment. 





Non-protein nitrogen in sodium sulfate solvent. 





Suspension of 54-19 in 0.52 ic sodium sulfate, 1 X 10** 





M sulfuric add 

5 

1.6 

0 

3.90 

Suspension No. 5 rocked 20®C., 24 hr.”' 

6 

1.5 

0.08 

3.90 

Suspension No. 6 filtered. Filtrate 

7 

0.65 

0.08 

3.90 

Filtrate No. 7 heated rapidly to 100“C. for 1 min., 






8 

0 

0.45 

3.98 

0.2 ml. 0.2 M hydrochloric add added to 50 ml. solution 

g 

9 

0 

0.45 

3.90 

Solution No. 9 used in solubility experiment. 






solution of the non-protein with the protein as Steinhardt has suggested 
(1938, 1939). Experimental test of this mechanism is difficult since the 
amount of non-protein nitrogen in the solid is too small to determine 
accurately. Expressed as mole fraction, however, it may be very large 
owing to the great difference in molecular weight between the protein and 
non-protein components. 

In sodium sulfate the non-protein nitrogen has less effect on the solubility 
of the protein and what effect it does have is in the opposite direction, that 
is, the protein is slightly more soluble in the presence of increased amounts 
of non-protein nitrogen. In this case the non-protein nitrogen addfed was 
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4 times that fonned during the solubility experiment. Evidently the 
amount of non-protein nitrogen formed during the experiment would not 
affect the solubility to a measurable extent. The non-protein nitrogen may 
therefore be considered an inert component in this solvent. 

Results of Fractionation in 0.5 Saturated Magnesium Sulfate, pH 4.6 
Acetate. ^The preceding section shows that the effect of non-protein nitrogen 
on the solubility of the protein is sufficient to account for the divergence of 
the results from the curve for a pure protein. This result, however, does 



Fig. 9. Effect of the addition of non-protein nitrogen on the solubility of crystalline 
pepsin in magnesium sulfate or sodium sulfate. 

not exclude the possibility that more than one protein is present. If two or 
more proteins are present, however, then their relative concentrations must 
be different in those solid phases having different solubilities and it should, 
therefore, be possible to separate them at least partially by reextracting the 
protein \rith the solvent. The extract obtained when only a small per cent 
of the TOlid is dissolved should contain more of the soluble component while 
the residue left after most of the protein is dissolved should be high in the 
ii^luble component. It may be recaUed that such a separation does occur 
with crude preparations which give solid solution curves in all solvents 
(Fig. 1). Preparations giving good curves in other solvents but solid 
solution curves in (0.5 saturated magnesium sulfate, 0.05 m pH 4.6 acetate) 
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cannot be separated by extraction with this solvent. The protein extracted 
gives curves differing slightiy if at all from the residue left after nearly 
complete solution. Both curves are indistinguishable from that of the 
original preparation (Fig. 10). The figure shows that preparation 74-11 
gave a solid solution curve when tested in the amorphous form. Prepara- 
tion 74-30 was prepared from 74-11 by extraction in the solvent used for 
solubility measurements. This preparation (74-30) has constant solubility 
in the amorphous form. This preparation, however, gives a slightly 
rounded curve in the crystalline form in (0.5 saturated magnesium sulfate, 



Fig. 10. Effect of fractionation with 0.5 saturated magnesium sulfate, 0.05 bi pH 4.6 
acetate on the solubility of pepsin preparations. Solubility determined in 0.5 saturated 
magnesium sulfate, 0.05 m pll 4.6 acetate. 74-11, original crystals; 74-30, 50 per cent of 
74-11 extracted with the solvent, precipitated, and crystallized; 74-60, 10 per cent of 
74-30 extracted in the solvent, precipitated, and crystallized; 74-566, residue left after 
repeated extraction of 74-30 in the solvent, equivalent to 5 per cent of 74-30. 

0.05 M pH 4.6 acetate) . Upon further extraction the same curve is obtained 
either from the residue or from the protein extracted (lower curves in Fig. 9). 

It may be concluded, therefore, that the preparation contains only one 
protein component and that the rounded curves obtained in (0.5 saturated 
magnpsintn sulfate, 0.05 M pH 4.6 acetate) are due to variation in the 
non-protein nitrogen. 

II. Preparation of a Less Soluble Fraction 

The preliminary experiments reported by Desreux and Herriott (1939) 
indicate the presence of at least one other less soluble component, besides 
the one described in the preceding section. This insoluble component is 
present in large amounts in Parke, Davis pepsin. Accordingly attempts to 
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TABLE Xm 

Preparation of Insoluble Pepsin Sample 33-30 
Precipitation between 0.1-0.45 and 0.4S-0.6 saturated magnesium sulfate at pH S.O. 



1 kg. Parke, Davis U.S.P. 1 : 10,000 pepsin dissolved in 5 liters 
0.2 M pH 5.0 acetate, 3 kg. solid magnesium sulfate added 
and 300 gm. Hyflo Super-Cel and filtered. 

Filtrate 1 

Precipitate washed with 500 ml. (0.6 saturated magnesium 
sulfate 0.2 u pH 5.0 acetate). Stirred with 5 liters (0.45 
saturated magnesium sulfate, 0.2 m pH 5.0 acetate), 

filtered. Filtrate 2 

Precipitate 3 

Filtrate 2: 900 gm. solid magnesium sulfate added, titrated to 

pH 5.0, filtered. Precipitate 5 

Precipitate 5 stirred in 1 liter (0.45 saturated magnesium 

sulfate, 0.5 u pH 5.0 acetate) and filtered 

400 ml. saturated magnesium sulfate added to filtrate and 

filtered. Precipitate 8 

140 gm. precipitate 8 stirred with 900 ml. (0.45 saturated 
magnesium sulfate, 0.5 u pH 5.0 acetate), nearly clear, 

filtered 

370 ml. saturated magne.sium sulfate added to filtrate and 
filtered. Precipitate (120 gm.) stirred with 600 ml. (0.45 
saturated magnesium sulfate, 0.5 m pH 5.0 acetate) and 
filtered. 240 ml. saturated magnesium sulfate added to 
700 ml. filtrate and filtered. Precipitate (70 gm.) stirred 
with 350 ml. (0.45 saturated magnesium sulfate, 0.1 m pH 
5.0 acetate) and filtered. 140 ml. saturated magnesium 
sulfate added to filtrate. Stood 24 hrs. 20X. and filtered. 
Precipitate (40 gm.) stirred with 400 ml. 0.5 ic pH 5.0 ace- 
tate, 600 ml. saturated magnesium sulfate added and fil- 
tered. Filtrate 19 

Precipitate 20 




Preparation of Fraction Insoluble in 0.45 Saturated Magnesium Sulfate 


Precipitate 33-3 (35 gm.) dissolved in 1 liter 0.5 m pH 5.0 
acetate, 800 ml. saturated magnesium sulfate added, 
filtered. Precipitate — 32 

20 gm. precipitate 32 dissolved in 100 ml. 0.5 u pH 5.0 ace- 
tate, 80 nil. saturated magnesium sulfate added, filtered. 

Filtrate 33 

Precipitate 34 



.33 

.21 
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16 gm. precipitate 34 dissolved in 50 ml. 0.1 m pH 4.6 acetate 
and 50 ml. saturated magnesium sulfate added. Filtered. 

Precipitate washed with (0.5 saturated magnesium sul- 
fate, 0.05 M pH 5.0 acetate) and dissolved in 50 ml. 0.10 m 
pH 4.6 acetate. 50 ml. saturated magnesium sulfate and 
30 ml. 5 N sulfuric acid added and filtered. 

Precipitate. . . 

8 gm. precipitate 39 dissolved in 60 ml. water, cooled to 0®C., 
and 60 ml. 5 N sulfuric acid and 1 gm. Filter-Cel added and 
filtered. Precipitate dissolved in 40 ml. 2 m pH 5.0 ace- 
tate, 40 ml. saturated magnesium sulfate added and fil- 
tered. Precipitate. . . 

Precipitate 40 washed with (0.5 saturated magnesium sul- 
fate, 0.05 M pH 4.6 acetate) dissolved in 55 ml. 0.1 si pH 
4.6 acetate and 20 ml. saturated magnesium sulfate added; 
filtered. Precipitate. . . 

Filtrate 

Filtrate No. 42: 10 ml. saturated magnesium sulfate added 
and filtered. Precipitate. . . 

Filtrate 

Filtrate No. 44: 20 ml. saturated magnesium sulfate added 
and filtered. Precipitate. . . 

Filtrate 

Filtrate No. 46 saturated with solid magnesium sulfate and 
filtered. Precipitate. . . 

prepare the component were made with Parke, Davis 1 : 10,000 pepsin. 
The fractionation was carried out as described for the soluble component 
except that in this case the fraction precipitating between 0.10 0.45 satu- 
rated magnesium sulfate in 0.2 m pH 5.0 acetate was concentrated. At- 
tempts were also made to isolate a fraction soluble between 0.45 and 0.60 
saturated magnesium sulfate. The results of such a fractionation are 
reported in experiment 33, Table XIII. It is evident that the fraction 
soluble in 0.45 saturated magnesium sulfate and insoluble in 0.65 saturated 
magnesium sulfate decreases rapidly at each successive precipitation and 
that there is no indication that any constant value will be reached. This 
result does not exclude the existence of such a fraction but merely shows 
that, if present, isolation would entail the use of very large quantities of 
material. The fraction insoluble in 0.4 saturated magnesium sulfate also 
decreases rapidly but at each precipitation the substance becomes more 
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insoluble and a preparation is finally obtained which has a very low solubil- 
ity in 0.45 saturated magnesium sulfate 0.2 M pH 5.0 acetate. The specific 
activity by the hemoglobin method is about 0.2. However, the fraction 
dissolved in the solvent has an activity of 0.3 so that the preparation is evi- 


TABLE XIV 

Preparation of Insoluble Pepsin 46-35 from Parke, Davis 1 : 10,000 Pepsin by Repeated 
Precipitation with 0.5 Saturated Magnesium Sulfate in pH 4.6 Acetate 



No. 

Quantity 

Non- 

protein 

nitro- 

gen 

P.U. 

PN. 

1 kg. Parke, Davis pepsin U.S.P. 1 : 10,000 in 2 liters 0.5 m 
pH 4.6 acetate. 100 gm. Filter-Cel added and filtered. 

Filtrate 

1 

2 . 5 liters 

per cent 

0.27 

2.5 liters saturated magnesium sulfate and 100 gm. Filter- 
Cel added to 2.5 liters filtrate No. 1 and filtered. 

Precipitate. . . . 

Precipitate No. 3 dissolved in 1 liter 0.5 m pH 4.6 acetate, 

1 liter saturated magnesium sulfate added and filtered. 

Precipitate 

Solution and precipits,,tion repeated 4 times. 

Precipitate 

3 

13 


18 

0.22 

Solution and precipitation repeated 12 times more. 

Precipitate 

33 

60 gm. 

25 

0.20 

Precipitate No. 33 dissolved in 200 ml. 0.10 ic pH 4.6 ace- 
tate and 200 ml. saturated magnesium sulfate added. 

Suspension 

CrysUMization 

10 gm. precipitate No. 33 washed with 5 ml. n/ 50 sulfuric 
acid, cr 3 rstallized 

35 

47-1 

4 gm. 


0.20 

0.18 

PrecipUatum at pH 4,0 

10 gm. 46-33 dissolved in 100 ml. water, dialyzed against 
water 24 hrs. Titrated to pH 4.0. Stood at 6*C. for 24 

hrs., heavy precipitate, filtered. Filtrate 

Precipitate dimlv^ in 100 ml. water, titrated to pH 3.3, 
centrifuged. Precipitate 

46A4 


10 

0.20 

0.19 


dently not homogeneous. Further fractionation at pH 4.65 with var)dng 
concentrations of magnesium sulfate (No. 43-48) )delded a series of prepa- 
rations of increasing activity and solubility. It cannot be decided from 
these results whether the preparation consists of an inactive and insoluble 
protein with a single active protein or whether there are two or more active 
proteins. The fractionation at pH 4.6 is sharper than at pH 5.0 and a 
second sample of the insoluble protein was therefore prepared by repeated 
precipitation with 0.5 saturated magnesium sulfate in 0.25 pH 4.6 acetate 
(Table XIV). 
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Comparison of Specific Activity and Inactivation Rate of the Soluble and 
Insoluble Fraction. If two active proteins are present it would be expected 
that the relative activity of the two preparations, as measured by the rate 

TABLE XV 

Specific Activity of Various Pepsins as Per Cent of Activity of Soluble Fractiorl 



Specific activity 
of Boluble pep- 1 
sin, average 
values 


Specific activity of other samples as per cent of A* 


Sample number. 


Method 
Hemoglobin. 
Casdn V“.. . 


Casein non-protein nitro- 
gen 

Gelatin V 


Rennet. 


Soluble fraction | 

A' 

39xx 

44-61 

too 

100 

98 

100 

100 

95 


120 


100 

100 

121 

100 

100 

no 

100 




Insoluble fraction 

44-9 

crystals 

46-33 

74 

1 ^ 

100 

100 

95 

97 

no 

125 

100 

100 

(120) 

no 

(120) 

no 

107 


90 


135 

140 

100 

140 

120 

85 

120 

90 


of digestion of various proteins, would ~~ 

differ; if the insoluble fraction were a "I •d2^’^*ESi 

mixture of the more soluble active pro- ^ ^033 pepsin £57 

tein with an insoluble inactive protein, ^ 

the relative activity of the two prepar- 

ations would be the same no matter ^0.7- 

what substrate was used. The rela- .3 0.6- 

tive activity of these preparations, as 0-5,^ ^ ^ ^'.o bom 

measured by several methods, is shown „ * . . » 

in Table XV. The figures show a soluble and insoluble fractions at 

the less soluble has about 70 per cent ^oq 3 ^4 q.i m citrate buffer, 
of the activity of the more soluble frac- 
tion, as measured by the digestion of hemoglobin, but the same activity, 
as measured by the digestion of casein, the rate of clotting of milk, or the 
change in viscosity of casein solution. The activity, as measured by the 
change in viscosity of gelatin solutions, appears to be slightly higher for 
the insoluble fraction. 


0 0.5 1.0 1.5 2.0 houc 5 

Fig. 11. Rate of inactivation of 
soluble and insoluble fractions at 
66®C. pH 3.14, O.l M citrate buffer. 
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The variation in the relative specific activity of the two fractions indi- 
cates the presence of two or more active proteins in the insoluble fraction 
rather than the presence of an inert protein mixed with the soluble protein. 

Rate of Inactivation . — The rate of inactivation of dilute solutions of the 
two preparations in 0.1 m citrate buffer pH 3.14 and 60°C. is shown in Fig. 

11. No significant difference can be observed. 

III. Solubility Cune of a Mixture of the Soluble and Insoluble Fraction 

The solubility of mixtures of pure soluble pepsin with the insoluble frac- 
tion is shown in Figs. 12 and 13. Fig. 12 shows the effect of adding 3 or 10 
per cent of the insoluble fraction to the pure soluble protein. It is evident 
that even 3 per cent of the insoluble fraction caused an unmistakable round- 
ing of the curve even when the less precise method of amorphous precipita- 
tion is used. 

The addition of 10 per cent of the insoluble fraction yields a curve closely 
resembling that of the original crude preparation. The curves are smooth 
and therefore indicate solid solutions rather than mixtures. 

This fact is brought out more clearly in Fig. 13. In this experiment a 
series of solutions was prepared containing varying concentrations of the 
insoluble and soluble fractions but all having a total concentration of 1.7 
mg. nitrogen per ml. The total protein concentration is therefore the same 
in all tubes while the proportion of the insoluble fraction varies from 
0-100 per cent. The curve of the two preparations alone is also shown and 
the calculated curve expected if the proteins formed mixtures. Obviously 
the results are characteristic of a solid solution and entirely different from 
those expected if the proteins appeared as distinct solid phases. 

IV. Preparation of Highly Active Pepsin from Pepsinogen 

In connection with some solubility experiments on pepsinogen (Herriott, 
1938) it was fotmd that a small amount of protein was obtained which 
differed in certain properties from the main bulk of the preparation. Thus, 
when pepsinogen was fractionated as described in Table XVI a few per cent 
of the protein was recovered which had a much lower solubility and 2J 
times higher “potential specific hemoglobin activity” than the starting 
material. This fraction (No. 12 of Table XVI) behaved in other respects 
like ordinary pepsinogen, i.e. upon acidification it rapidly changed into 
pepsin and about 15 per cent of its nitrogen was split off during activation 
and part of this nitrogen is a pepsin inhibitor (Herriott, 1938). Although 
highly active on hemoglobin this fraction has the same specific activity as 
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the bulk of the materials as measured with other substrates such as gelatin 
and milk. 



Fig. 12. Solubility of pure soluble pepsin mixed with increasing quantities of the 
insoluble precipitate 46-35 in the amorphous form in 0.5 saturated magnesium sulfate, 
0.05 M pH 4.6 acetate. 



Fig. 13. Solubility of various mixtures of pure soluble pepsin and insoluble prepara- 
tion in 0.5 saturated magnesium sulfate, 0.05 m pH 4.6 acetate. Total protein nitrogen 
concentration, 1.7 mg. per ml. in all cases. 

A highly active preparation of pepsin could also be obtained by fractiona- 
tion of pepsin prepared from ordinary pepsinogen. An example of such a 
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TABLE XVI 
Preparation of Highly Active*' Pepsinogen 


117 gm. 0.7 saturated ammonium sulfate filter cake of freshly pre- 
pared pepsinogen, dissolved and dialyzed against tap water at pH 
6.5. 5 ml. ic/1 di-potassium phosphate added to the protein 
solution to bring to pH 6.8, followed by 40 ml. m/1 pH 6.8 phos- 
phate buffer; precipitate appeared and was filtered off and dis- 
carded. Filtrate diluted to 400 ml. and 400 ml. saturated am- 
monium sulfate added. Suspension 

No. 1 filtered. Filtrate 

Precipitate washed 5 times on funnel with solvent C (0.5 saturated 
ammonium sulfate, 0.05 m pH 6.8 phosphate). Precipitate. . . 
Precipitate dissolved in IS ml. m/10 pH 6.8 phosphate and pre- 
cipitated by 15 ml. saturated ammonium sulfate, filtered. 

Precipitate . . . 

Precipitate No. 4 treated as described for precipitate No. 3. Re- 
peat. Precipitate. . . 

Precipitate No. 5 dissolved in 150 ml. pH 6.8 phosphate followed by 
150 ml. saturated ammonium sulfate. Suspension. . . 

No. 6 filtered and precipitate washed on funnel with solvent C and 
treated as for precipitate No. 3 through to precipitate No. 5. 

Filtrate and washings 

Precipitate plus 20 ml. pH 6.8 phosphate plus 20 ml. saturated am- 
monium sulfate. Suspension. . . 

No. 8 was filtered. Filtrate 

Precipitate plus 2 ml. phosphate plus 2 ml. saturated ammonium 

sulfate, filtered. Filtrate 

Predpitate plus 2 ml. phosphate plus 2 ml. saturated ammonium 

sulfate, filtered. Filtrate 

Treatment repeated in No. 11, 3 times. Third filtrate. . 

Treatment repeated in No. 11, 3 times more. Third filtrate. . 

Precipitate from last treatment dissolved 

Filtrates No. 9-No. 13 collected, precipitated with solid ammonium 

sulfate, filtered, and precipitate dissolved 

No, 15 dialyzed 


No. 

Volume 

P.N./ 

ml. 

tl 

Si 


ml. 



1 

900 

2.4 

0.22 

2 

800 

1.6 


3 




4 




5 




6 

300 

1.2 

0.24 

7 

350 

0.8 


8 

50 

1.0 


9 

50 

0.17 

0.45 

10 

3 

0.11 

0.48 

11 


0.08 

0.49 

12 


0.06 

0.54 

13 


0.05 

0.43 

14 

3 

0.84 

0.12 

15 

8 

1.5 

0.44 

16 





* Pepsinogen has no proteolytic activity and the value in this column is the ratio of 
the^proteolytic activity obtained after activation at pH 1. 0-2.0, to the pepsinogen pro- 
tein nitrogen or what has previously been called ‘‘potential specific activity.” 


fractionation may be seen in Table XVII. The procedure consists pri- 
marily of repeated dialysis at 5®C. and in a range of acidity from pH 3.S-4.3. 
This highly active pepsin is much less stable than ordinary pepsin par- 
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ticularly near pH 2.0. Nearly 50 per cent of the highly active pep^n was 
destroyed in 15 hours at 25°C. as compared to only 5-10 per cent of the 
ordinary crystalline pepsin. It is estimated that the highly active pepsin 
is present as not more than 3-4 per cent of the original pepsin protein. 


TABLE xvn 

Preparation of "Highly Active" Pepsin from Pepsinogen 



No. 

Volume 

PN./ 

ml. 

y 

0 

Dialyzed pepsinogen 

No. 1 plus 30 ml. saturated magnesium sulfate plus 1 ml. 5 n 
hydrochloric acid, pH « 2.8. Solution dialyzed against 3 suc- 
cessive 1 liter aliquots of m/ 100 pH 3.5 acetate buffer for about 

1 

ml. 

120 

4.0 


8 hrs. at 5^C. Centrifuged. Supernatant. . . 

Precipitate 

2 

2P 

no 

1.8 

0.3 

Precipitate No. 2P dissolved in dilute sodium acetate, pH « 4.6. 
No. 3 diluted to 1.0 mg. P.N./ml. and titrated to pH 3.8; dialyzed 
at 5®C, against water, centrifuged. Precipitate — 

3 

4P 

23 

3.35 

0.3 

Supernatant. . . 

4 

67 

0.56 

0.29 

Precipitate from No. 4 dissolved in dilute acetate 

No. 5 plus hydrochloric acid to pH 4.0; dialyzed 4 hrs. at 5°C., 

5 

23 

1.3 

0.37 

centrifuged cold. Supernatant . . . 

Precipitate 

6 

6P 

24 

0.33 

0.34 

Precipitate No. 6P dissolved in dilute sodium acetate solution 
No. 7 dialyzed at 5®C. for IS hrs. at pH 4.3, centrifuged cold. 

7 

20 

0.74 

0.37 

Supernatant. . . 
Precipitate 

8 

8P 

25 

0.15 

0.33 

Precipitate from No. 8P dissolved 

At this point it was noticed a gelatinous precipitate appeared in 
solutions No. 6, 8, and 9, which resembled a certain type of 
rosette crystal plates. These suspensions were combined and 

9 

10 

0.72 

0.40 

centrifuged. Supernatant . . . 

10 

43 

0.26 

0.31 

Precipitate dissolved 

No. 10 dialyzed at pH 3.8 and S^C., a precipitate appeared, cen- 

11 

10 

0.25 

0.46 

tiifuged, and precipitate dissolved 

No. 11 dialyzed at pH 3.8 and 5*0., predpitate appeared, cen- 

12 

7 

0.16 

0.42 

trifuged, and precipitate dissolved 

No. 13 after standinar 2 davs at S^’C 

13 

14 

7 

0.20 

0.66 

0.49 


Specificity of the Active Fraction— 1i this active fraction represented a 
distinct enzyme, comparable to the gelatinase (Northrop, 1931), it would 
be expected to hydrolyze part of the protein molecule not attacked by the 
other fraction. This is not the case. Addition of the highly active frac- 
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tion to casein which has been previously hydrolyzed by the less active 
fraction causes no further increase in amino groups. Addition of the less 
active fraction to casein previously hydrolyzed by the active fraction like- 
wise causes no increase in hydrolysis. Both fractions, therefore, attack 
casein at the same points. 

It is interesting to note that the method of preparing the highly active 
pepsin from pepsinogen and the low active 0.1 [P.U.] pepsin from 
commercial products (Desreux, unpublished results) is practically identical; 

dialysis at pH 4.0. No highly active pepsin was ever found in commer- 
cial preparations and, with the exception of solution No. 14 of Table XVI 
no low active fraction was found in pepsinogen pepsin. 

mSCTTSSION 

The experiments reported show that pepsin prepared as originally de- 
scribed from commercial preparations or from pepsinogen contains two or 
more proteins. These proteins are indistinguishable by ultracentrifuge 
or electrophoresis but may be distinguished by solubility measurements. 
It is probable that more than one of these proteins is active but it does not 
necessarily follow that more than one pepsin occurs in any one animal. 

It is quite possible that the insoluble fraction is a decomposition product 
of the more soluble fraction. In fact, heating a pure preparation of the 
soluble fraction results in a preparation which has a solubility curve very 
similar to the original crude pepsin. 

The possibility that the protein originally came from different animals 
must also be considered. It is already known that pepsin from cattle is 
different from swine pepsin (Northrop, 1933 o) and it is quite possible that 
the solubility method is sufficiently sensitive to distinguish between protein 
from different varieties of animals or between animals of different ages as 
well as between proteins from animals of different species (Landsteiner and 
Heidelberger, 1924). All the preparations used in this work represent 
extracts from a number of different individuals of different ages, varieties, 
and physiological condition. Attempts to prepare the enzyme from one 
individual were imsuccessful owing to the small amount present. It appears 
quite possible, therefore, that the enzyme may be homogeneous in any one 
anioud but differs slightly in different varieties or age groups. 

AtuUytical Methods 

Nitrogen . — ^Total nitrogen was determined by the micro-Kjeldahl method. 

Non-Protein Nitrogen . — 1 or 2 ml. of the solution was added to 10 ml. boiling 2 per 
cent trichloracetic acid. The suspension was allowed to cool, filtered, and an aliquot of 
the filtrate analyzed for total nitrogen. 

Protein Nitrogen . — ^Unless otherwise stated protein nitrogen was determined by meas- 



R. M. HERRIOTT, V. DESREUX, AND J. H. NORTHROP 


245 


urement of the turbidity of a dilute suspension in 2 per cent trichloracetic acid with a 
Klett photoelectric colorimeter of the Duboscq type. 1 ml. of the protein solution con- 
taining between 0.1 and 0.3 mg. protein nitrogen per ml. is added to 9 ml. boiling 2 per 
cent tri^oracetic acid containing 25 ml. saturated magnesium sulfate per liter. The 
suspension is cooled to 20®C. and allowed to stand 1 hour. It is then compared with a 
standard suspension of known protein nitrogen content or with an m/ 2S copper sulfate 
solution in n/10 sulfuric acid which had been standardized against a known concentra- 
tion of protein. The readings vary with the different pepsin fractions and for accurate 
results a separate standard solution must be prepared from the particular preparation 
analyzed. When standardized in this way the results are accurate to ±3 per cent. 

Preparation of Solvents 

Saturated Magnesium Sulfate, — A solution of magnesium sulfate in water having a 
specific gravity at 22®C. of 1.296. 

Pepsin Activity , — ^Hemoglobin (Anson, 1938). The method was standardized against 
a glycerine solution of pepsin (Herriott, Desreux, and Northrop, 1940). On this scale 

0.29 hemoglobin units per mg. protein nitrogen corresponds to Tiselius’ value of 0.34. 

Rennet, — (Herriott, 1938). 

The other activity determinations were carried out as described by Northrop (1932). 

SUMMARY 

1. Solubility curvtis of crude pepsin preparations indicate the presence of 
more than one protein. 

2. One of these proteins has been isolated and crystallized and found 
to have constant activity and constant solubility in several solvents. 

3. The solubility measurements arc complicated by the unstable nature 
of the protein and the fact that in certain solvents the solubility of the 
protein is markedly affected by the presence of non-protein nitrogen decom- 
position products while in others this is not the case. 

4. A more insoluble protein has been prepared of lower solubility and 
lower activity, as measured by hemoglobin digestion. The activity, as 
measured by the digestion of other proteins, is about the same as the more 
soluble fraction. This insoluble fraction does not have constant solubility. 

5. Mixtures of the insoluble and the soluble fractions give preparations 
having rounded solubility curves typical of solid solutions and resembling 
very closely those of the original preparation. 

6. A small amount of pepsinogen and pepsin from pepsinogen has been 
separated which has nearly twice the enzymatic activity on hemoglobin as 
does the most active pepsin previously isolated. 
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THE ELECTRICAL CAPACITY OF VALONIA 
Direct Current Measurements* 

By L. R. blinks and R. K. SKOW 
{Prom the School of Biological Sciences, Stanford University) 

(Received for publication, June 22, 1940) 

In a previous paper,* alternating current measurements were used to 
explore the nature of the large electrical capacity often exhibited by living 
Valonia cells. It was concluded that this possessed an appreciable “polar- 
ization” component, because it was not possible to balance the capacity 
of the cell at all frequencies against any single static capacity value in a 
simple series parallel network assumed to represent the cell circuit, over the 
audio frequency range employed. Instead, both the balancing capacity 
and its series resistance fell off with increasing frequency of alternating 
current. This is analogous to the capacity and resistance of a polarizable 
electrode {e.g. bright platinum in salt solution) in alternating current. 
However, not so pronounced a change with frequency occurred with cells 
as with electrode, and the actual capacity per square centimeter of cell 
surface was less. Accordingly it was suggested that the capacity was 
partly static, with an appreciable polarization component. This is con- 
sistent with the idea of a plasmamembrane thin enough to act as a condenser, 
of fairly high resistance (e.g., 10,000 ohms per sq. cm. of cell surface),* 
yet allowing sufficient passage of ions, with different relative mobilities, to 
set up diffusion potentials at rest, and presumably therefore to develop 
polarization under current flow. 

Since the impaled cells are usually 1 to 3 sq. cm. in surface, and interpose 
but a single layer of protoplasm in series with the exterior and interior 
contacts, the actual capacity is large enough (1 or 2, up to even 8 or 10 
microfarads), to permit transient measurements with direct current. The 
charge and discharge curves at make and break often occupy second or 
longer, hence are readily recorded with a string galvanometer. Examples 
of these have been given in previous papers;* in die present paper they are 

* Aided by a grant from The Rockefeller Foundation. 

* Blinks, L. R., J. Gen. Physiol., 1935-36, 19, 673. 

‘Blinks, L. R., J. Gen. Physid., 1929-30, 18, 361, 793; 1930-.31, 14, 139. 

» Blinks, L. R., /. Gen. Physid., 1935-36, 19, 633 
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diown in balance against known capacities, with a view to indicating 
how closely they approadi a static or polarization type. Metabolic and 
experimental control of the capacity is also des^cribed. 

Methods 

The Bermuda Valonia macrophysa was mostly employed, a few experiments with 
V, veniricosa from Florida 3 rielding essentially similar results. Earlier work was done in 
Bermuda on freshly collected cells, but the more careful recordings were necessarily 
performed on cells brought from Bermuda to this laboratory. A variety of electrical 
and other criteria indicated that the cells were normal and healthy, and it is believed that 
the results are t}i)ical. Impaled cells were employed because electrical effects are best 
known in these, and current can be made to pass in only one direction across the entire 
protoplasm. The difficulties of distributed capacity^ along the surface between two 
external contacts are also avoided. The cells were impaled in the customary manner, a 
fine glass tube (containing artificial sap) being inserted from above into the cell, which 
was supported on a glass ring. Several days were allowed for recovery after impalement, 
for the P.D. to stabilize, and for high resistance to appear. The latter is extremely 
variable, and depends among other factors, we now realize, on light. Thus a day or two 
of dim light or darkness was found to induce higher resistance, and prompt transient 
curves, whereas brighter light tends to abolish these, producing the state called ^^delayed 
polarization.’^^ (The latter occurs only at rather high current densities passing inward 
across the protoplasm, and then only with a delay in its appearance, making the time 
curve sigmoid, and sometimes cusped.) This effect of light is best explained by the 
photosynthetic utilization of COty the presence of which, as seen below, tends to raise the 
resistance of the celb, and makes for regular, prompt transients, with a more nearly 
static capacity. There is, however, an anomalous initial effect of bright light which at 
first increases the resistance and reactivity, before the later decrease mentioned. 
This agrees with other bioelectric,^ as well as external electrode measurements^ indicat- 
ing initial anomalies in the acidity changes; these have been found in Valonia as well as 
in Halicystis. 

The recording circuit was a simple d.c. bridge, similar to the one used in previous 
work,^* ’ with an input arranged for reversal of current flow, and control of current 
density, from a battery of ten tapped dry cells and a potential divider. Ratio arms of 
1000 ohms each were used for a 1 :1 ratio, and a 10,000 ohm arm substituted for one of 
these to give a 10:1 ratio, often necessary when large cell capacities were encountered; 
(the ratio is in the opposite direction for capacities and resistances). General Radio 
resistance decades were used, sometimes supplemented by non-reactive resistances of 
higher value. A Leeds and Northnip type 1070 decade mica condenser, and two 1 /if. 
mica condensers of good quality were used to balance capacity. A Wagner earth ground, 
with capacity shunt, was used to balance out residual reactance in the bridge circuit 
itself>it was sometimes necessary to connect this across the detector, instead of across 
the input, presumably because of imbalances in the detector ground leaks (storage 
battery, etc.). 


« Blinks, L. R., /. Gen. Physiol., 193^, 88, 495. 

* Blinks, L. R., and Skow, R. K., Proc. Nat. Acad. Sc., 1938, 84, 413. 
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The da ector and recorder was a single-stage vacuum tube amplifier, with a string 
galvanombcer (Einthoven, or Kipp torsion string type) balanced into the plate circuit. 
Recording was on 35 mm. positive film, running at about 1 inch per second. The 
galvanometer response appeared essentially instantaneous to rectangular calibration 
curves at this speed (e.g., see Fig. 3); and balances of one static capacity against another 
showed no deflection at make or break when the Wagner arm was properly adjusted 
(Fig. 2). / 

I'he calomel electrodes, through which connection to the cell was made by salt bridges, 
were of suflicient surface that no detectable polarization occurred with these alone 
using a dead cell as a control) at the current densities employed. In general the current 
densities here reported were low, usually not over 10 microamperes per sq. cm. of cell 
surface. Positive current passing outward across the protoplasm was usually employed, 
since resistance to this is a better indication of the “regular” stale than to inward 
current, which often exercises a further “conditioning” effect raising the resistance while 
it flows.® 


Types of Capacity Curves 

It was originally inlcndecP to record the charge and discharge curves of 
current flow across the protoplasm, with only a resistance balance in the 
adjacent bridge arm. Then this curve would be compared with a strictly 
exponential decay curve, calculated to fit it as closely as possible, or directly 
superposed over curves similarly recorded, taken with comparable networks 
of resistance and capacity, both .static and polarization. The fit or the 
deviation would indicate the degree of aj)pr()ach to a static or j)olarization 
type of capacity re.s{)cctively. However, variations in the sj)eed of film 
travel, non-linearity of the galvanometer deflection toward the edges of its 
field, shrinkage of the film or print after develojmient, etc., all made this 
method uncertain and tedious. Instead, since a network com|)arable to the 
cell had to be used in any case for comparison, this network was directly 
balanced against the cell in the bridge, and an immediate record of the 
deviations obtained over a range of capacity settings. 

The principle of this is indicated in Fig. 1, where a family of exponential 
charge (or discharge) curves is shown, representing several dilTerent static- 
capacity settings (C, C/2, C/\, CyiO). When C is balanced against (’ in 
similar networks, of course no deflection results, but when (’ is balanced 
against C/2, etc., then the deflections of Fig. 1 h result. These are curves 
that start from the zero line, bend away, and approach it again, but never 
cross it. The closer one approaches to a balance, the less will be this de- 
viation, until at balance a straight line results {C - C). If overbalanced, 
e.g. C vs. 2 C, then the curve deflects in the opposite direction, but it never 
crosses the zero line during its time course. Thus a balance can be ap- 
proached from either side, with less and less deviation, until when balance 
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is reached no deflection whatever results at make and break. An actual 
record of this sort is shown in Fig. 2, taken with two static c'ondensers. 

On the other hand, if we postulate a capacity (or resistance) increasing 
with time (which appears to be the case with polarization c'apacities), 
then the charge and discharge curves are no longer strictly exponential, 
but fall toward completion more and more slowly. Such a curve is indicated 
in hig. 1 a by the broken line {P), which in turn cuts across the various 
exponential curves representing the static capacity charge or discharge. 
If this curve is subtracted from the several curves, then the family of 
residual deflections of Fig. 1 c results. It is c lear that no complete balance 
can ever be obtained. Instead, the lower values produce first a deflection 
in one direction, then a return to zero (at the point where P cuts the given 
C curve), and a final deflection in the opposite direction, since P acts as if 
it were first smaller, tiien greater than the given capac'ity. With very 
large values of only the deflection below the line is found, now prolonged 
greatly. Clearly, no comjilete balance is possible over the entire time 
course with any single static capacity setting. A series of curves taken 
when a jxflarization capacity is balanced against a comparable network 
including a static capacity actually shows first a notc'hed curve at lower C 
values, a definitely “diphasic” balance at higher C values, and finally a 
“monophasic” deflection with large capacities, but never a complete balanc e. 
An example is shown in Fig. v^, taken with a polarizable platinum electrode, 
balanced against a static capacity and resistance network. This should be 
c:ompared with Fig. 2, where two static condensers balanced against each 

1. Diagrammatic skctchc.s of the time curves of charge (t)r discharge) obtained 
with static capacities, and an assumed polarization capacity. In (a) the e.xponential 
charge curves of static capacities L\ C/2, C/\, and C/IO are shown, as well as an assumed 
polarization curve P, which has an effective capacity (or rcsistanccO that increases with 
time, and therefore cuts across the whole series of exponential curves in turn. 

(/;) shows the effect of subtracting the charge curves of static capacities, which is 
accomplished when the transients are balanced against each other in a bridge. 'I'hus (’ 
balanced by CyiO gives a cusped curve, due to the cutting off of the first, high part of 
the deflection, but thereafter following fairly closely the curve of C. C C/A^ and C C/2 
give successively lower curves, C-C of course profluccs no deflection in either direction, 
while C 2 C produces one below the line. 

(c) shows the effect of balancing P against the several exponential curves {P C/U), 
P- C/4, etc.). The feature of the lower 3 C values is the cu.sp below the line, the balance 
curve crossing zero at the point where P cuts the given ( curve in (a). Only with the 
largest C value, which P docs not cut, is the residual curve entirely below the line, 
though with a different shape from that in (b). 

It is understood that discharge curves arc the same as these, merely inverted above 
and below the zero line. 
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other in comparable networks give only simple monophasic unbalance curves 
with too high or too low settings, and at balance yield a perfect straight 
line, with no notch or deflection in either direction. 

With a mixed capacity, ix. a static condenser in series or parallel with a 
polarizing electrode, intermediate types of curves result, with smaller 
residual diphasic elements appearing over the middle range of balancing 



Fig. 2. String galvanometer records of transients due to charge and discharge of a 
4 /if. static condenser balanced against static capacities of the values shown (in ptf.). 
Note that there are no diphasic curves, the residuals becoming merely smaller as a bal- 
ance is approached, and absolutely disappearing at balance (4 /uf.). (Arrows show the 
moment of make. My and break, B, with 4 ^f- since there is no other indication.) With 
overbalance, monophasic residuals in the opposite direction result. 

The capacities were included in a network involving a series resistance r of 48,144 
ohms, and a parallel resistance R of 10,000 ohms (see Fig. 4) which are comparable to the 
values frequently met with in cells. Time intervals, shown by the faint vertical lines at 
the bases of the records, are 1/5 second. 

values against a static condenser. Again no complete balance is ever 
possible, though the extent of the deviations is of course less than with a 
pure polarization capacity. This mixed capacity more closely resembles 
the celUbehavior, toward which we may now turn. 

Cell Recordings 

In recording and balancing the charge and discharge curves of living 
cells, proper resistance as well as capacity settings must be made. The 
network assumed for this purpose is that of Fig. 4, with the corresponding 
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cell components diagrammed beside it. The network is admittedly over- 
simplified, since it lumps the entire protoplasmic complex, with its almost 
certain two capacities in series (at the outer and vacuolar cell surfaces). 



Fig. 3. String galvanometer deflections resulting from the make and break of current 
through a pair of small j)latinum electrodes in 0.5 m KC'l solution, wired into a circuit 
containing a series resistance r of 46,190 ohms, and a parallel resistance R of 24,250 ohms, 
the electrodes representing C, as in the network of Fig. 4. 

In (a) is first shown a calibrating potential of 20 mv. (4- and — ) indicating the essen- 
tially rectangular deflection of the galvanometer at this speed of recording. Next in (a) 
the polarizing electrode is balanced against only the scries resistance r, giving a deflection 
curving away from zero at make, and returning to it at break. Finally in (a), R is also 
introduced, so that the deflection is first away from zero, and then returns to it in the 
steady state, both at make and break. 

In the remaining records, (’ is introduced, with equivalent values of 1, 2, etc. /zf. 
up to 8 /if. in the final record. It is clear that no setting gives a complete balance. With 
2 /if. sharp cusps are evident carrying the curve abruptly to one side of zero before the 
opposite deflection occurs; the.se diphasic curves are most clear with 5 and 4 /if., while 
with 5, 6, and more /if. the residual curve becomes almost entirely monophasic in the 
direction of these cusps. 

Actual bridge ratio, 10:1, the effective resistance and capacity values being corrected 
for this. Time intervals, 1 /5 second, shown by the faint vertical lines at the bases of the 
records. 

and probably other resistance and capacity elements at the plastids, nuclei, 
and other cell structures. However, since it is impossible to assign indi- 
vidual values to these, it seems best to assume the simplest possible three 
element network. Some justification may be found for this, since, as seen 
below, it approximates to almost perfect balance under some conditions. 
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r is the sum of all those resistances in series between the electrodes, up to, but not 
including, the protoplasm itself; in practice it is larjjely due to the narrow sap-filled 
impaling capillary inserted into the vacuole. It usually lies between 10,000 and 50,000 
ohms, higher resistances being inconvenient for this and other purposes (c.g., recording 
with the ^‘Micromax” potentiometer). A good value is 25,000 to 30,000 ohms. This 
can be determined in advance of impalement with the sap-filled capillary, and the value 
does not vary greatly from this, except with temperature, or concentration changes 

within the tube above the capillary (due 
to evaporation, or diffusion of KCl from 
the upper salt bridge). It also accounts 
for most of the resistance of the living cell, 
when the latter is in its truly “delayed’’ 
polariz^ation state, at current densities too 
low to induce high protoplasmic resistance. 
However, when cells are in the “regular” 
state, which is necessary for these measure- 
ments, other means have to be taken to 
check the value of r. One method is to 
measure with alternating current at the 
higher audio frequencies (e.g. 10, (XX) cy- 
cles) ; here the impedance of the protoplasm 
is very low, and the total impedance is 
practically equal to But it can also be 
done by inspection, or by recording, of the 
string galvanometer deflections at make 
and break. Fig. 5r indicates the criteria 
of such balance: at make, a smooth im- 
mediate start of the charging curve from 
zero (or other reference line if a p.d. is dis- 
played), without either a momentary cusp 
in the opposite direction (Fig. 5//, r) or a jump away, leaving a blank space before the 
charging curve begins (Fig. 5 u, /;), The latter (a, b) indicates that r has been set too 
low; the former (d, e) that it is too high. The flickers produced by the cusps (d, e) are 
easier to detect by the eye than the jumps (a, />), and in practice the balance is ap- 
proached from this, the high side, until they just disappear. Actual recording was per- 
formed in critical cases, and the best value chosen after development of the film. 

With r thus established, /?, the effective d.c. resistance of the protoplasm is then 
readily determined by the setting which brings the curve back to zero (or to the p.d. 
reference line) after the charging transient is over, as in Fig. 5 /. This adjustment simply 
shifts the charging curve downward by the amount representing the former off-balance 
due tckR] its shape is not changed, and it merely starts below the line to the extent of its 
former steady state deflection above the line. (The discharge curve remains in its same 
position throughout all the adjustments of Fig. 5.) I'he value of R necessary to make 
this steady state balance is from 5,0(K) to 20,000 ohms in most cells displaying regular 
transients. It tends to become higher under the conditions favoring static capacity, 
although this is not always the case. 



Fig. 4. Diagram of the impaled cell of 
Valonia, indicating its comiKjnent resis- 
tance and capacity elements, ri, /' 2 , etc. 
reprc.sent the series resistances leading up 
to the protoi)lasmic surface; these are 
largely located in the narrow impaling 
capillary (/• 2 ). R and arc the parallel 
resistance and capacity respectively of the 
protoplasm as a whole. In the right hand 
diagram is the electrical network assumed 
to represent the cell, and to balance it in 
the bridge. Under some conditions, it 
gives a nearly perfect balance. 
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R being set, we may now attempt to balance C, in parallel with R in the 
network (and presumably in the cell). Fig. 6 shows a series of records of 



Fig. 5. Sketch indicating the criteria of resistance balance, employing the network 
of Fig. 4, but with a capacity setting of zero, a and b represent too low values of r, 
since the transient curves do not start smoothly from the base line, but exhibit a clear 
space or jump at both make and break, c represents a proper balance of r, since no such 
break in the curves appears, d and c represent too high values of r, shifting the charging 
curve downward on the record; as a result, small cusps below the base line appear at 
make, and above the steady state deflection at break. Finally, if r is correctly set 
according to this test, and R is then adjusted so that the steady state of the charging 
curve is brought to the base line, curve / results. The capacity C can then be adjusted 
in turn. 

It should be noted that only the position of the charging curve is shifted by these 
adjustments, the discharge curve remaining in the same position throughout. 



Fig. 6. Balance of d.c. transients at make and break of current through a Valonia 
cell, r and R being balanced, C was varied from 0.0 /if. to 1.6 /xf. as shown (the cell 
values were 10 times this high due to a 10:1 ratio in the bridge). It is clear that a 
balance is being approached at close to the 1.0 or 1.1 /tf. setting, but that even here there 
is a residual diphasic deflection, which is also evident with 1.2 and 1.3 /xf. settings, which 
deviate more and more from balance. No single setting gives complete balance of the 
transients. 

Bridge ratio, 10:1, making the actual cell capacities 10 times those marked. Cell 
surface about 3 sq. cm., giving at the best setting, 3 to 4 /xf. per sq. cm. of cell surface. 
r = 60,000 ohms, R - 20,000 ohms. Time marks at base of record, 1/5 second apart. 
Current density about 10 microamperes per sq. cm. surface (outward flow). 


this sort, taken with a cell which reacted promptly and regularly, as seen 
in the initial, purely resistive balance. With increased values of C, the 
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deflections at charge and discharge become notably reduced, but display a 
diphasic type of curve at medium C values, passing over into deflections 
to the opposite side of zero, at higher C values. Nowhere is there a complete 
balance attained although it is considerably better than that given by a 
polarizing electrode similarly balanced against a* condenser (Fig. 3). This 



Fio. 7. Transients due to make and break of current through impaled Valonia cell. 
'Fhe first curve is that with r only in the balancing arm, giving a smooth deviation from 
zero at make, and a return at break. R is next introduced, shifting the charging curve 
upward so that it returns to zero in the steady state, the discharge curve remaining 
unchanged. C is then introduced in parallel with R, with the effective values in micro- 
farads as marked. The charge and discharge curves become progressively smaller with 
increasing C values, until at 8 and 9 microfarads there is close approximation to a balance. 
There is however, a residual diphasic unbalance even here, giving a deflection first in 
one direction, then in the other, indicating a degree of polarization element unbalanced 
by the static balancing capacity. (Make and break here indicated by arrows.) 

Actual bridge ratio, 10: 1, but with values here corrected to read for the cell as marked. 
r =» 68,400 ohms, R — 15,(KK) ohms, C at best balance, 8 to 9 /zf. Surface of cell about 
3 sq. cm. Current density, about 10 microamperes per sq. cm. of cell surface. Time 
intervals, 1/5 second, shown by the faint vertical marks at the base of the records. 

is consistent with the cell’s displaying an appreciable degree of polarization, 
which cannot be balanced completely by a static condenser.® 

• It should be understood that other causes beside polarization might produce devi- 
ations from a strictly static capacity. Thus a poor paper condenser often does not bal- 
ance against a good mica one over the entire charge and discharge time curve, or over 
the frequency range in a.c. (See for example Laws, F. A., Electrical measurements. 
New York, McGraw-Hill, 1917, 363-364; Grover, F. W., Bureau Standards Bull,, 1911, 
7, 495.) Such imperfect dielectrics might well occur in the cell surface. But it is pos- 
sible that ionic “impurities” may be responsible for the deviations in both cases. 
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On the whole, this is the type of record generally given by Valonia cells. 
Another example is shown in Fig. 7. This is quite aside from even more 
complicated curves sometimes obtained, in which, for example, the charging 
curve is balanced at one capacity, but a different setting must be found for 
discharge. This is probably due to the “conditioning” or “deconditioning” 
effect of current flow as such, which has been described in a previous paper. 
Fig. 8 shows an example of this unsymmetrical state. 

However, from time to time cells come into a state of more or less complete 
balance by a proper value of static capacity, where only a slight flutter 
at the very instant of make or break may betray a momentary unbalance 
so rapid as to be off the reliable range of the n.c. transient recording. In 
general, the capacity required for such balance is also ap]^reciably smaller 
than that giving the nearest approach to balance in the polarization type. 

In an endeavor to control this occurrence of static capacity, changes in 
the acidity of sea water were made, since earlier work had shown that more 
regular transients, and higher resistances, were induced by acidification 
of the sea water, especially by weak acids, such as CX )2 and acetic acid.® 
Added to the sea water until the pH by an indicator was about 6.0, these 
acids were indeed found to be most effective in shifting the capacity toward 
the static type. (Strong acids such as HCI are also effective but recpiire a 
longer time.) Fig. 9 indicates the high degree of ))alance attaineil against a 
static capacity when such acidified sea water was given to a ceil previously 
displaying a good degree of polarization capacity (c./f., as in Fig. 7). On 
returning the cell to ordinary sea water, this induced static capacity per- 
sists for some time— several hours or even overnight - then slowly regains 
more of a polarization component. Loss of the static character, or even of 
any polarization at all, on the other hand, is favored by the addition of 
traces of penetrating base, such as ammonia, to the sea water. As shown 
earlier,® this tends to lower the resistance, and abolish all polarisation, ex- 
cept to very large inward currents, where a typical delayed polarization fi- 
nally appears — presumably because the inward current overcomes the 
ammonia effect, perhaps by increasing the internal acidity. 

Other influences which tend to produce partial or complete attainment of 
a static type of capacity include low oxygen tension, low temperatures for 
a considerable length of time, and a variety of chemical substances such as 
phenols, cresols, quinones, cyanide, and other narcotics, etc. It is sug- 
gestive that most of these agents also produce a positive p.d. in Valonia. 
Some of them may have a specific action on the cell surface ; nevertheless, the 
similarity of their behavior suggests that they may all be operating in the 
same manner, namely by increasing the internal acidity of the protoplasm, 
possibly by favoring fermentation and other anaerobic processes increasing 
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acid production in the plant cell. This hypothesis needs further testing, 
but is favored by the fact that ammonia can often counteract many of 



Fig. 8. Records of current flow in impaled Valonia showing an asymmetry between 
the charge and discharge curves. In a, the charge and discharge curves alone arc 
shown, compensated as to r and R, but not as to C. Then the balance with 10 juf. is 
shown, which is almost perfect as to make, but still unbalanced in the break curve. 
Increase to 15 /af. produces two nearly equal, slightly diphasic curves, but both curved 
upward. 20 /if. badly overbalances the charge curve, but only slightly overcompen- 
sates the discharge. Return through 15 /if. to 10 /if. repeats the earlier records. It 
is clear that a different capacity value governs the time course for charge and dis- 
charge, and that the charging curve is more nearly compensated by a static condenser 
than is the discharge. 

R ** 20,000 ohms, r « 60,000 ohms. Surface of cell about 2 sq. cm. Outward cur- 
rent about 10 microamperes per sq. cm. Time marks at base of records, 1/5 second 
apart. 

their effects, although some of the agents seem to be immune to, or even 
more powerful, than ammonia. 
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Light, as mentioned earlier, also influences the type of capacity, which 
tends toward the static type when the cells have been kept dark for some 
time. This is presumably due to the internal accumulation of CO 2 and 
possibly other acids. Illumination produces more polarization charactcr- 



Fig. 9. Transient records of make and break of current through impaled Valonia 
cell which has been exposed for a short time to sea water, acidified with acetic acid to a 
pll of about 6.0. Smooth, symmetrical charge and discharge curves are seen against 
increasing balancing capacity, and when the latter reaches 6 /xf., an almost perfect straight 
line results at make and break in record c. (Arrows indicate make and break moments.) 
Higher C values cause only symmetrical deflections, without diphasic component, 
'i'he entire record closely resembles Fig. 2, the balance of two static capacities, and it 
is to be concluded that the cclUs capacity is likewise entirely static in this cast , and about 
3 /if. per sq. cm. of cell surface. 

Cell surface about 2 sq. cm.; outward current, 6.5 microamperes per sq. cm. of cell 
surface, r = 60,000 ohms, R = 5,000 ohms. C values in /ixf. as marked. 'Fimc inter- 
vals at base of record a, 1/5 second apart; same record speed throughout. 

istics if long continued, but there is, during the first 5 or 10 minutes of 
illumination, often an enhanced resistance, and a distinctly more static 
capacity, than during the later course of illumination. This correspond^ 
with other evidence, mentioned above,"** ^ that there is an anomalous in- 
crease of acidity as the first effect of light, which precedes the later alkaline 
drift as CO 2 is consumed. There is a great deal of evidence, still unpub- 
lished, that this occurs in Volonin, just as it docs in IldlicysHsj and accounts 
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for remarkable cusps of the p.d. under certain conditions. The effect upon 
resistance and capacity, in giving results like those of increased acidity, 
still further increases the evidence for the reality of this anomalous effect. 

DISCUSSION 

It is to be concluded that the electrical capacity displayed by Valonia, 
and possibly by other cells now under study {e.g. Ilalicyslis, Nitella) is not 
rigidly of one sort, but naturally ranges from strictly static, to increasing 
deviations therefrom. It is under experimental and metabolic control; 
conditions which increase the internal acidity of the protoplasm, tend to 
raise the resistance, lower the capacity, and render the latter more strictly 
static. All of these changes are in agreement with effects upon the bio- 
electric potential itself, and with the response of the latter to changes in the 
ionic environment. For weak acids, as well as agents similarly affecting the 
P.D., also greatly alter the response to dilution of sea water, substitution of 
K for Na, and of NOs for Cl, etc.^ Such effects on Ilalicystis are paralleled 
by some on Valonia, shortly to be published. We may therefore conclude 
that the cell surface can take on varying degrees of ionic permeability: 
(1) It may permit relatively free passage to all ions, in which case its re- 
sistance, P.U., and polarizability are low; (2) it may become somewhat less 
permeable to one species of ion than to another, in which case its resistance 
increases, its p.u. responds well to ionic concentration changes, and it de- 
velops a counter-E.M.F. of polarization type; and (3) it may become relatively 
impermeable to all ions, in which case its resistance is very high, its p.d. 
less responsive to .some ionic alterations, and its capacity nearly or entirely 
static, the thin, poorly conducting cell surface becoming a condenser. 
The first condition is that of an electrolytic conductor, the second like 
a polarizing, partially reversible electrode, the third like a mica or oil 
condenser.® 

This concept of a variable cell surface is perhaps disturbing to a fixed, 
definitive description of its properties, but is in accord with a great many 
recent findings, which relate its properties to metabolism and other experi- 
mental conditions. It seems necessary that any speculations as to the 
nature of the cell surface must include, among other things, its remarkable 
lability. Whether a strictly lipoid surface will display these properties, or 
whether a more complicated structure must be assumed, will depend upon 
studies of comparable models, such as liquid phases, and multi- or monomo- 
lecular layers. 
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SUIOCAKY 

Impaled cells of Valonia were balanced in a Wheatstone bridge against 
a ample series-parallel circuit of two resistances and a capacity, the tran- 
sient charge and disdiarge curves at make and break of direct current being 
recorded with a string galvanometer. With the resistances properly 
balanced, a series of characteristic deflections resulted when the balandng 
capacity was varied. \Wth many cells, no complete capacity balance was 
ever attained over the entire transient time course; but instead either a 
monophaidc or diphasic readual deflection always remained. This be- 
havior is comparable to that of a polarizing electrode in d.c., although not 
so clearly marked; and it is concluded that Valonia usually has an appre- 
ciable polarization component, probably in parallel with a static capacity. 

However, some cells can be balanced almost completely against a mica 
condenser of proper value, which indicates that they display a nearly pure 
static capacity under some conditions. This static state could be produced 
ej^rimentally by exposure to weak adds (acetic, carbonic, etc.) and by 
metabolic agents probably inducing internal addity (low oxygen tension, 
long exposure to cold, narcotics, etc.). Conversely, penetrating weak bases, 
such as ammonia, abolidied the static capadty, or even any regular polar- 
ization. Light acts something like ammonia, after an initial “add gudi” 
anomaly. Most of these agents likewise affect the p.d. and its req>onse to 
external ionic alterations, and it seems likely that the change in capadty 
type reflects altered ionic permeabilities and relative mobilities. 
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INTRODUCTION 

Kuiep (1907) and others observed many years ago that several species 
of Fucus eggs form rhizoids on the least illuminated sides when they are 
illuminated from one ade by white light. The plane of the first cell 
division, and the developmental axis, are also determined. Winkler (1900) 
and Knapp (1931) have shown that Cystosira eggs respond in a similar 
manner. Hurd (1920) investigated the effects of different regions of the 
visible spectrum on the eggs of a species of Fucus, then known as F. inflatus, ^ 
from San Francisco Bay. She used Wratten filters to obtain violet, blue, 
green, yellow, and red light from sunlight and from arc sources. A large 
proportion of the energy transmitted by these filters was contained in a 
fairly narrow ^an of wave-lengths. The mtensity was measured, and in 
some e:q)eriments it was equal throughout. Hurd found that the place of 
rhizoid origin was determined only by the Sorter wave-lengths; i.e,, by 
the violet, blue, and probably by the shorter green (X40(X) to 5200 or perhaps 
somewhat more Angstrom units). Some evidence that ultraviolet might 
be effective is referred to in the summary, but no results or information are 
given, and investigation of this region of the spectrum does not appear to 
have been pursu^. The longer wave-lengths of the visible q)ectrum, 
5800-7000 A, had no effect even when the intennty was relatively high. 
The mnift wave-lengths that determined the place of rhizoid origin (4000- 
5200 A) also caused negative geotropism of the growing rhizoid. 

A number of other factors may also determine the place of rhizoid origin. 
These factors, and some of their interrelations, have recently been reviewed 
(Whitaker, 1940 a), and therefore at present they will merely be listed. 
They include the presence of neighboring eggs (Kniep, 1907 ; Hurd, 1920; 

*Tlii8 work has been supported in part by funds granted by The Rockefeller 
Foundation. 

^ Probably F. nitens in Gardner’s (1922) more recent clas si fication, and nmilar to 
P.furcatus. 
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Whitaker, 1931), especially in addified medium (Whitaker, 1937 a; 
Whitaker and Lowrance, 1940); diffusion gradients resulting from develop- 
ment near one end in a capillary tube (Whitaker, 1937 b); electric current 
(Lund, 1923); pH gradients (Whitaker, 1938); temperature gradients 
(Lowrance, 1937); stratification by centrifuging (Whitaker, 1937 c, 1940); 
artificially imposed elongation (Whitaker, 1940 b ) ; gradients of beta-indole 
acetic add (Olson and Du Buy, 1937). 

The experiments now to be reported were undertaken to test the effects 
of unilateral monochromatic ultraviolet light. 

Material and Method 

Fucus furcaius was collected at Moss Beach and at Pescadero Point, California, 
and gametes were obtained by methods which have been described previously (Whitaker, 
1936). The eggs are somewhat variable in size, ranging from 65 to 90 /x (average 75 fi) 
in diameter. Experiments were carried out from January to May, inclusive, 1940. 
This species of Fucus is hermaphroditic and fertilization takes place when the capsules, 
each containing eight eggs, dissolve and liberate the eggs into sea water in which sperm 
are already swimming. The dissolution of the capsules can readily be observed under 
the microscope, and eggs were selected which had been fertilized during a span of 10 
minutes. The midpoint of this span is the time of fertilization ± 5 minutes. Eggs 
were shed and fertilized in filtered sea water (specific gravity, 1.026-1.027), at pH 8.0- 
8.3, in the dark or in red light in a constant temperature room at 15 ± 

Eggs were reared in the constant temperature room approximately until the time of 
irradiation. After irradiation they were kept in a constant temperature cooled incu- 
bator, which was usually at about 15^C. During the irradiation the temperature 
approximated 15^C., although the system of control was not precise in this case. In all 
cases the eggs were constantly shielded from light which affects the rhizoid formation, 
except for the experimental exposure to ultraviolet, until the final results were observed. 
Immediately after fertilization the eggs secrete a pecten or cellulose-like jelly which 
gradually hardens to form a firm but sticky investing cell wall. By about 2 hours or 
somewhat longer this material attaches the eggs quite firmly to the bottom of the dish 
so that they do not roll or move if carefully handled. It was, of course, essential to 
minimize movement of the eggs after the irradiation, since there are no visible markers 
or points of reference on the spherical eggs. The culture vessels were handled with great 
care and were kept in the incubator in a levelled moist chamber mounted on sponge 
rubber to reduce vibration. The results were usually recorded at about 24 hours after 
fertilization, when well developed rhizoid protuberances are present. In certain cases 
after strong irradiation, however, the development was considerably delayed. 

The eggs were grown and irradiated in six culture vessels made of clear fused quartz 
1 mm. thick. These vessels were made in the form of cubes, 1 cm. X 1 cm. X 1 cm., with 
open tops. Two opposite sides of each vessel were polished on the outside. The eggs 
were spaced thinly over the square centimeter of vessel bottom and were irradiated from 
the side so that the direction of rhizoid formation could be observed from above. No 
eggs were counted whidi were within 5 tgg diameters of another egg, or of a vessel wall, 
and most eggs were considerably further apart. A lip pipette was used to space the egp. 
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Akhoui^ the quarts vesaeb were well made and the sides were quite wdl 
fused quarts is difiteult to work and, as the results ultimatdy indicated, these 
were not optically perfect nor did they all deliver identical doses to the eggs on the 
bottom. This was true even when the eggs were thinly and similarly spaced. There 
was inevitably a certain amount of eclipsing in the populations irradiated from the side, 
although the incident beam slanted downward approximately 3^ to reduce the eclipsing. 
In a given set of experiments the eclipung, like most otto factors, was essentially 
similar throughout. It is hoped to obtain vessels of a different design for future work 
and to know precisely the dosage received by each egg. In the present experiments 
the absolute intensity of the beam reaching the face of the culture vessel is known quite 
precisely, but the dose actually reaching the eggs in the populations is known only 
relatively. It must also have varied somewhat for different individual eggs in a popula- 
tion, although differences in response in different regions of the bottom of the vessel 
were small. Some vessels consistently gave somewhat greater response than others. 
This was probably due largely to differences in dosage received by the eggs due to differ- 
ent optical properties in the region of junction of the bottom and side of the vessel. 
Such differences were not great compared with those resulting from the differences in 
applied dosage, and they tend to cancel out when the results of different experiments 
are averaged. 

The total energy applied to the side of the culture vessel, and the loss in passing 
through 1 mm. of flat, polished quartz into sea water, are known quite precisely. The 
absorption of X2804 A by the sea water in the culture vessels was found by direct meas- 
urement to be negligible. If the sides of the culture vessels were optically perfect, and 
if there were no eclipsing, the unit of dosage used in this paper would represent 1.2 ergs 
per mm.^ applied to the eggs. In view of these two undetermined correction factors, 
however, 1.2 ergs per mm.’ must instead be regarded as the order of magnitude of the 
energy actually applied to the eggs. 

Dr. Arthur Giese kindly permitted use of his ultraviolet equipment, which attains 
unusually high intensity and monochromatic precision. The source was a large mercury 
arc operated on 3-6 amperes of direct current supplied by a 220 volt generator. Special 
devices maintained a relatively constant current. After passing through a slit, the 
beam passed through a monochrometer with two large quartz crystal prisms, and lenses, 
which separated the bands of different frequency. To further purify, the selected band 
was admitted through another slit and passed through a second monochrometer with 
lenses and a single large fused quartz prism. At the site of irradiation the emerging 
monochromatic beam was elliptical in cross-section and large enough, with a convenient 
margin, to cover the entire side of a culture vessel with very nearly uniform intensity. 
The rays were nearly parallel but diverged slightly. The intensity of the ultraviolet 
light was measured by means of a sensitive thermopile and a high sensitivity galva- 
nometer. The thermopile was made by Mr. Emerson Reed. It was blackened with 
zinc black, which absorbs all frequencies to the same high degree. 

RESULTS 

It has been shown earlier (Whitaker and Lowrance, 1936)^ that the 
reqwnse of a population of Fucus eggs to unilateral illumination by white 
light from a frosted 40 watt electric lamp at 1 meter depends on fiow long 
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Fxo. 1. Curves a and b show the results 
of two different series of experiments carried 
out at different times of the year and under 
somewhat different conditions (see text). 
The vertical axis indicates the percentage of 
eggs which formed rhixoids on the halves 
away from the source of radiation (X2804 A) 
after unilateral irradiation. The horizontid 
axis shows the dosage on a logarithmic scale. 
1 unit of dosage represents the application 
of 1.2 ergs per mm.^ to the side of the cul- 
ture. This is not necessarily the amount of 
energy received by each egg (see text). 

Curve a shows the results of experiments 
carried out in January. Each point repre- 
sents the average of six to seven experiments 
involving a total of 354 to 461 eggs. Rhi- 
xoids were inhibited by a dosage of 20,000 
units. 

Curve b shows the results of experiments 
carrmd out in March. Each point repre- 
sents the average of twenty experiments in- 
volving a total of 1529 to 2200 eggs. 


the eggs have been fertilized. Thus 
e]q[>osure for 1 hour begiiming 2 
hours after fertilizatim (15^C.)lud 
ftimftBf no effect, vdiile a rimilar 
e]q>osure b^uining 7 hours after 
fertilization caused 97 per cent of 
the eggs in a population to form 
rhizoi^ on the mde away from the 
light. The response was nearly 
maximal throughout the period 
7-1 1 hours after fertilization. The 
rhizoid protuberances do not begin 
to form until some time later, 12-24 
hours (average 18) after fertiliza- 
tion (Whitaker, 1936). 

In view of the results with white 
light, the first e]q>osures to ultra- 
violet were started between 7 and 
10 hours after fertilization. After 
preliminary results had shown that 
high percentages of the eggs re- 
sponded, the magnitude of the re- 
sponse was studied with reject to 
two variables: the amount of ra- 
diation, and the time after fertiliza- 
tion when it was applied. 

The First Series of Experiments 

The first series of experiments 
was carried out through most of 
January, 1940, using X2804 A. 
The dosage (total energy) applied 
to populations was 10, 100, 1000, 


5000, 10,000, and 20,000 units. 
The intenfflty of the beam did not vary greatly in the different experi- 
m^ts and &e dosage was varied principally by varying the duration of 
exposure. The time reqxiired to apply the various dosages was usually ap- 
proximately as follows: 10 units, 7-7.5 seconds; 100 units, 70-90 seconds; 
1000 units, llf-lS minutes; 5000 rmits, 55-62 minutes; 10,000 units, 1 hour 
55 n)inute»-2 hours 8 minutes; 20,000 units, 4-5 hours. 
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The results of this first series of experiments are shown graphically in 
Fig. 1, curve a. Each point is the average of either six or seven experiments 
involving a total of 354 to 461 eggs. When no radiation at all is applied, 
the rhizoids form in random directions so that 50 per cent form on the 
halves of the eggs away from either side of the vessel. The effect of the 
radiation is therefore indicated by the excess above 50 per cent which form 
rhizoids on the halves away from the source of radiation. The total 
energy applied is ^own on the horizontal axis on a logarithmic scale. It is 
clear that the curve is approximately a straight line over most of the range 
of response, from low to near maximal. At both 5000 and 10,000 units the 
response was maximal; slightly more than 98 per cent of the eggs formed 
rhizoids away from the source of radiation. The percentage was 100 in 
half of the populations irradiated with 5000 and 10,000 units. After 
strong irradiation, especially after 10,000 units, the rhizoids of most of the 
eggs formed very nearly opposite the source of the ultraviolet light, as 
shown in Fig. 2. 

In three experiments of the first series, cultures were irradiated with 
20,000 units. The irradiation began at approximately 8 hours after fer- 
tilization and lasted 5 hours in two cases and 4 hours in the other. In the 
first two cases no rhizoids whatsoever developed, while in the third case 
22 out of 165 eggs formed rhizoids, mostly delayed, and the remainder 
formed no rhizoids. None of the eggs which failed to form rhizoids were 
cytolized. It appears, however, that this dosage is almost completely 
inhibitory to rhizoid formation. 

Visible Contamination of the Monochromatic Beam 

Although the monochromatic beam of X2804 A which emerged from the 
second monochrometer was of an unusually high degree of purity, the dark- 
adapted human eye could detect a slight content of bluish or violet visible 
light. This was presumably the result of a small amount of scattering 
within the prisms, and it was perhaps even more due to fluorescence of the 
quartz prisms.® Since no information exists as to the minimum dosage of 
visible light which will affect a population of Fucus eggs, a collateral series 
of experiments was designed to show conclusively whether the observed 
results are attributable to the ultraviolet and not to the minute amount of 
visible light. Two plates of clear glass each 6.4 mm. thick were interposed 
to absorb the ultraviolet while permitting the visible (as well as long Ultra- 
violet, if any) to pass. The radiation which passed through the glass was 

® The wave-length 2537 A caused a considerably more marked fluorescence of the 
fused quartz prism. 
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Fig. 2. Photomicrograph of a small area of the bottom of a quartz culture vessel 
after rhizoids have formed. The culture was irradiated (X2804 A) unilaterally from 
the left hand side during the period 7-9 hours after fertilization with 10,000 units (1 unit 
representing 1.2 ergs per mm.^ applied to the side of the culture (see text)). The 
rhizoids have formed on the halves of the eggs away from the source of radiation. 

tested on seven populations of Fucus eggs at 7-8 hours after fertilization. 
The dosage applied would have been 1000 units were it not for the inter- 
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ception of ultraviolet by the glass. In these seven eiperiments 32.3 per 
cent of 652 eggs formed rhizoids away from the light. Sin(X six of the 
seven dishes ^owed a slight increase above 50 per cent, a small response 
appears to exist. An inq>ection of curve a, Fig. 1, ^ows that if the glass 
had not been present, 1000 units would have caused 93 per cent of the 
rhizoids to form away from the light. If curve a. Fig. 1, is extrapolated 
to 52.3 per cent, it is found that this response would be e^^cted from a 
dosage of 2 units, which is 0.2 per cent of 1000 units. It is clear therefore 
that almost all of the response in the e:q)eriments represented by curve a, 
Fig. 1, is due to ultraviolet light. The small req)onse when the glass is 
interposed may be due to the visible light, but even it is probably due 
more to ultraviolet »nce nearly 0.2 per cent of X2804 A may reasonably 
be expected to pass through the glass. 

Fluorescence of the Vessds 

During irradiation with X2804 A, the walls of the quartz culture vessels 
emit a very dim viuble light as a result of fluorescence. To test the effect 
of this fluorescent light four culture vessels containing populations of eggs 
which had been fertilized 7 hours were placed beiude similar vessels and 
eggs which were directly in the ultraviolet beam. The vessels not in the 
beam were separated from those in the beam by 6.4 nun. of plate glass to 
stop any reflected ultraviolet while permitting the visible fluorescent light 
to pass. The vessels in the beam were irradiated with 10,000 units over a 
period of 2 hours. The eggs in these vessels responded as in curve a, 
Fig. 1 (98 per cent). Of 257 eggs which were subjected only tp the fluo- 
rescent light coming from one side, 50.2 per cent formed rhizoids away from 
the light. Two of the populations formed slightly more and two ^ghtly 
less than 50 per cent away. The dim fluorescent light from the walls of 
the vessels is thus seen to be ineffective. 

The Second Series of Experiments 

A second series of experiments was carried out, principally in February, 
in which a constant dosage (5000 units) was applied at a variable time after 
fertilization. Throughout the whole series the variation in intenrity of the 
beam was sudi that the time required to q>ply 5000 units ranged from 45 
to 62 minutes, ^th a few exceptions, the irradiating was started exaptly 
at the h«>ginning of each hour from 3 to 10 hours after fertilization. The 
results are shown in Fig. 3, in which the points are located on' the time 
(horizontal) «i-Tia at the midpoint of the period of irradiation. Each point 
represents the average of the results of five to seven e:q>eriments involving 
a total of 410 to 665 eggs, except that the last two points are based on four 
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e 3 q)erimeDts. It is seen in Fig. 3 that the req)onse of the ^s is not great 
until srane time after fertilization. It does not become maximal until the 
interval hours after fertilization, but it remains maximal for some time 
thereafter. In these respects, and in general, the increase in re^nse with 
age resembles the response to white light (Whitaker and Lowrance, 1936). 

Eggs, were not irradiated earlier 
than 3 hours after fertilization be- 
cause they do not become firmly 
attached to the bottom of the dish 
until nearly this time. 

The Third Series of Experiments 

In March, in the course of some 
other experiments, it was foimd 
that the rei^nsiveness of the eggs 
had apparently increased. The 
Fucus had also come into full ripe- 
ness. Gametes were ^ed copi- 
ously, in contrast to the condition 
in January, and the vegetative 
spring growth of the plants had be- 
gun. In the January experiments 
(curve a. Fig. 1) the six quartz cul- 
ture vessels had been used at ran- 
dom, without mark or distinction, 
and either polished side had faced 
the beam. By March one of the 
tix vessels had been broken and 
the reminder had been numbered. 
It had been found that some of 
the vessels consistently gave higher 
percentages than others, and that 
the two polished tides of some of the vessels also differed significantly. 
In view of the apparent increase in sensitivity of the eggs, a Aird series 
of e:q)eriments, in general similar to the first, was carried out in March 
to test again the logarithmic relation of req)onse and dosage which was 
/ound in the first series. An equal number of e^riments with each ves- 
sel was carried out at each dosage so that differences in the vessels would 
cancel out with equal wei^ting in the averages. The same tide of e<wh 
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Fio.3. The vertical axis indicates the 
percentage of eggs which formed rhizoids on 
the halves away from the source of radia- 
tion (X2804 A) after unilateral irradiation. 
The horizontal axis indicates the time after 
fertilization when a dosage of 5000 units 
was ai^lied, 1 unit representing the ai^lica- 
tion of 1.2 ergs per mm.* to the side of the 
culture (see text) . Dosage was applied dur- 
ing a period of 4S-62 minutes, and the points 
on the curve are placed on the time axis at 
the inidp<wt of the period of exposure. 
Each point represents the average of four to 
seven experiments involviitg a total of 410 
to 665 eggs. 
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vessel faced the beam. Twenty e3q)eriments, in the course of ^diich eadi 
vessel was used four times, were carried out at each of the following dosages: 
1, S, 10, 100 units. At each dost^e 1529 to 2200 eggs were counted. In 
all cases the eggs were irradiated within the period 8-9 hours after fer- 
tilization, and the duration of the irradiation was approximately as follows: 
1 unit, 0.7-0.8 seconds; 5 units, 3.2-3.6 seconds; 10 units, 5.8-7 .0 seconds; 
100 units, 60-71 seconds. 

The results are shown in Fig. 1, curve b. It is seen that the eggs re- 
q>onded with greater sensitivity than they did in January (curve a). Since 
the quartz vessels were used differently, it is not certain how much of this 
increased sensitivity is due to a difference in the eggs and how much is only 
apparent, due to the eggs having actually received a greater amount of 
ultraviolet per imit applied to the vessel. A somewhat greater n umb er of 
eggs was placed in each vessel in the March series, due to improved tech- 
nique, but the population density was quite uniform throughout the series. 
The greater number of eggs would tend to increase the eclipsing and reduce 
the average amount of energy received by the eggs. Curve b, Fig. 1, is 
very nearly parallel to curve a, and it is also essentially a striught line over 
the range covered, confirming the logarithmic relation of dosage and 
reqx)nse. 

Other Wave-Lengths 

Four shorter wave-lengths, 2654, 2537, 2482, and 2345 A, were tested 
in an exploratory way in a number of similar e3q>eriments to see if they also 
could determine the place of rhizoid origin. All of these wave-lengths were 
highly effective, and in sufficient dosage caused 100 per cent of the rhizoids 
in some of the vessels to form away from the source of radiation. While 
the results are inadequate to permit an exact comparison of the effectiveness 
of these wave-lengths with each other and with X2804 A, it can safely be 
said that their effectiveness is of the same order of magnitude. Some of 
them are probably more effective than X2804 A. 

Two longer wave-lengths were also tested: X3130 and 3660 A. These 
were effective, but only when more total energy was applied. A great 
increase of total energy was necessary to give high percentage' req[>onse. 
Very much larger doses were also received by the eggs without inhibition 
of rhizoid formation. 96 per cent of the eggs formed rhizoids away from the 
source of radiation when 577,000 units of X3130 A were applied', and 
1,000,000 units of X3660 A caused 100 per cent of the eggs tare^nd in a 
similar manner. These large dosages were applied at a rapid rate. It 
may be recalled that 20,000 units of X2804 A inhibited rhizmd. formation. 
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Al)9ertli0n 

Five OMsasuiements weie insde of the extent to whidi ft beftin of X2804r A 
18 extinguidied in pftssing through ft single htyer of Fucus eggs. Fertilized 
eggs ivere packed t^tly on the bottom of a cylindrical depresaon in a 
quartz dide by means of a lip pipette. Unusudly large and small eggs 
were discarded. The average diameter of the eggs in these measurements 
was 76 fi. The slide had been painted bla<^ except over the bottom of the 
depression containing the ^s. The intensity of the beam from a constant 
source was measured after passing through the slide with sea water in the 
depression, and again when a angle layer of packed eggs was on the bottom 
of the dqiression. In the first two measurements, one on eggs fertilized 
2 hours and the othqr on eggs fertilized 6 hours, the total area of the ^s 
was estimated by calculating the average projected area of the eggs from 
measurements of diameter, and counting the total number of eggs in the 
depression (approximately 3800). From the intensity measurements and 
the percentage of the total area covered by eggs it was calculated that in 
both cases 100 per cent of the radiation incident on the eggs was extin- 
guished. In three other measurements eggs were used which had been 
fertilized 3, 3|, and 6^ hours and another method of calculation was em- 
ployed. Perfectly packed q>heres of the same diameter cover in projection 
90.7 per cent of the total area. Assuming that Fucus eggs do so, it was 
calculated from the intensity measurements, with and without eggs in the 
depression, that 96, 95, and 97 per cent of the radiation incident on theeggs 
was extinguished in the three cases. Actually the geometric fit of the eggs 
was not perfect and the total q)ace between eggs was probably somewhat 
more than assumed. If so, the percentage extinction would be slightly 
greater than calculated. It therefore appears that very nearly if not all 
of the beam inddent on the eggs is extinguidied whether the eggs have been 
fertilized 2, 3, 3j^, 6, or 6^ hours. Extinction results from the combined 
effects of absorption and scatter. 

Three similar measurements of extinction of a beam of X3660 A indicated 
86, 84, and 87 per cent extinction. The second method of calculation 
mentioned above was used, and the eggs had been fertilized 7, 3|, and 6i 
hours. The extinction of X3660 A is thus definitely less than the extinction 
of X2804 A. Although it is not known what part of the extinction is due 
to absorption and what part to scattering, it appears that X3660 A is less 
airbed than X2804 A. However, the difference in proportion of ener^ 
absorbed by the ^;g8 in the two cases is not nearly so great as the difference 
in effectiveness of the two wave-lengths. While 100 units of X2804 A 
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caused mote than 90 per cent o{ the eggs to form rhimtd a nmy from the 
source of radiation, 50,000 units of X3660 A caused slightly less than 90 
per cent to do so. 20,000 units of X2804 A inhibited rhizoid fwmation, 
while 1,000,000 units of X3660 A did not. It is quite posable that X2804 A 
and shorter wave-lengths are absorbed largely in the cortex of the egg so 
that the effect may be very concentrated locally, and conducive to a sharp 
gradient. 

DISCUSSION 

Heilbrunn (1937) and Heilbrunn and Mazia (1936) review some of the 
general effects of ultraviolet radiation on protoplasm and dte original 
sources. It appears probable that cell membrane permeability is locally 
increased, and that the surface charge, at least of certain bacteria, is de- 
creased. The viscosity of the interior of many cells is increased, after a 
transitory decrease. 'Die increase begins at the cortex and spreads inward. 
The viscosity increase is dependent upon calcium, and Heilbrunn (1937) 
attributes the internal increase of viscosity, as well as other effects of 
ultraviolet, to a release of protein-bound calcium from the cell surface to 
the interior. 

Some of the effects of ultraviolet light are of a type tending to result 
from visible light as well, or from radiation in general. Other effects, es- 
pecially those of a destructive nature which are caused by the middle and 
shorter ultraviolet, do not result from visible light. Some of these effects 
may have pronounced physiological consequences without killing the cells. 
Unlike visible light, ultraviolet activates a number of eggs (e.g., starfish, 
Lillie and Baskerville, 1922 a; sea urchin, Lillie and Baskerville, 1922 b), 
but only if calcium is present (sea urchin, Heilbrunn and Yoimg, 1930). 
Harvey and Hollaender (1938) have shown that short ultraviolet (X2260- 
2480 A) activates non-nucleated fragments of sea urchin eggs, obviously 
by action on the cytoplasm. Hollaender (personal communication) has 
also observed that ultraviolet activates Fucits eggs. Ultraviolet induces 
mutations in Drosophila (Altenburg, 1934) and in com pollen (Stadler and 
Sprague, 1936). X3130 A and longer wave-lengths are relatively ineffective 
in the case of the com pollen. Wave-lengths shorter than 3000 A are 
absorbed by proteins, wldch they denature (Clark, 1936), and they also 
inhibit plant growth (Popp and Brown, 1936). 

Since the place of rhizoid origin in the Fucus egg may be determined* by 
applying gradients of a considerable number of chemical substances and 
physical conditions (see Introduction), the fact alone that unilateral 
irradiation by ultraviolet light is effective gives no clue as to which of the 
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general or more nearly q)edfic effects of ultraviolet light is involved, or 
whether it is a combination of effects. Fig. 1 shows that each succesnve 
increment of dosage is less effective than its predecessor in evoking further 
response of a population of eggs. The response is proportional to the 
logarithm of the total dosage applied. The rhizoid formation itself is of 
course not a ample process, but this simple relation of dosage to response 
sug[gests that the radiation acts on the population in a relatively ample 
way rather than through a complicated combination of general effects. 
No conclusion can be drawn at present as to the mode of action of the 
ultraviolet in the egg, but two reactions in particular are si^estive and 
perhaps may be profitably considered: The denaturadon of protein, and 
the inacdvation of growth substance (auxin). 

The action of ultraviolet light on proteins is reviewed by Clark (1936) 
and is oontidered in a review of protein coagulation by Anson (1938). 
Anson states that protein denaturadon is a monomolecular reaction, and 
that denaturadon by ultraviolet probably breaks bonds not broken in 
ordinary heat denaturadon. Denaturadon is commonly followed by 
coagulation, but even when it is not the viscosity of a protein solution is 
increased by denaturadon. Clark (1936) dtes work which indicates that 
denaturadon causes a certun amount of pH change, add solutions becoming 
more basic, and vice versa. Localized denaturadon on one side of a cell 
might therefore result in an internal pH gradient. Since Fucus eggs do 
not transmit X2804 A readily, such localization is to be expected. It is 
already known (Whitaker, 1938) that pH gradients can determine the 
developmental axis. Denaturadon would result in physiological and 
metabolic changes which would obviously be extensive and complicated. 
Localized denaturadon would give rise to gradients across the cell, and in 
the Fucus egg the axis of differentiation may be determined by externally 
caused gradients of a number of substances and conditions, as postulated 
by Child (1940) in his generalized concept of the origin of axial differentia- 
tion. Full understanding of the nature of the differentiation processes 
must ultimately depend on discovering their q>ecific chemical basis. 

If the response of Fucus eggs to shorter ultraviolet results from localized 
protein denaturadon, the effectiveness of different wave-lengths diorter 
than 2900 A fdiould correlate with the typical absorption curve of proteins. 
As indicated earlier, the exploratory measurements made at waVe-lengths 
dtorter than 2804 A are not adequate to ^ow whether this is the case, and 
this question remains to be answered. 

Plant growth is inhibited by ^ort ultraviolet, and one of the ways in 
which it exerts its effect aiq>ears to be to inactivate br destroy growth 
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hormone (aiudn). Went and Thimann (1937) in their monograph on 
{^ytohormones cite work idiowing that unfiltered ultraviolet inactivates 
auxin solutions almost completely. Wave-lengths between 2300 and 3300 
A inactivate auxin-a lactone with great rapidity, and ultraviolet light cui 
inactivate auxin-a by shifting the place of attachment of an OH group. 
Skoog (1935) has ^own that hard x-rays inactivate auxin in vitro and 
in vivo. 

Growth substance, or auxin, has been extracted from Fncus eggs by 
Du Buy and Olson (1937). Van Overbeek (1940) has recently ^own 
that auxin is present in a number of algae in concentrations romparithle 
to those in higher plants such as com and pea seedlings. He has further 
^own in the brown alga Macrocystis that beta-indole acetic acid (hetero- 
auxin), or a substance closely related to it, is present rather than auxin-a 
or auxin-b which are commonly found in higher plants. The presence of 
beta-indole acetic add does not prove its activity in the growth of the plant, 
but activity in the algae is suggested both by the experiments of Olson and 
Du Buy (1937) who found that gradients of beta-indole acetic add can 
determine the developmental ads of the Fucus egg, and by vanOverbeek’s 
observations on the differential distribution in Macrocystis which suggests 
hormonal function. The beta-indole acetic add is most concentrated in 
yotmg blades. The rdle of auxin in the rhizoid formation in Fucus has been 
recently discussed (Whitaker, 1940 a) and for present purposes it need 
merely be noted that inactivation or destruction, on one side of the egg, of 
beta-indole acetic add, or some auxin-like substance active in rhizoid 
formation, might be an important factor in the present instance. If the 
destmction extended throughout the entire egg, rhizoid inhibition would be 
expected and this is observed after strong dosages, without cytolysis or 
visible breakdown of the protoplasm. 

The shorter wave-lengtiis of the visible spectrum also cause Fucus eggs 
to respond. Whether they act in the same way as ultraviolet of X2804, or 
less. Angstrom units cannot be dedded at present. It is not known whether 
the req)onse of a population to visible light follows the logarithm of the 
dosage. Shorter visible wave-lengths are known to affect the transport 
and activity of auxin in higher plants. The fact that X2804 A, which has 
destructive powers not posses^ by the long ultraviolet (X3660 A), is 
much more effective than X3660 A suggests that destructive effects ^ 
involved in the action of X2804 A. 

The eggs do not become fully re^ndve to ultraviolet light until about 7 
hours after fertilization, as may be seen in Fig. 3. One ei^lanation of this 
mi^t be that some substance acted upon by the ultraviolet gradually forms 
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after fertilization and is not present in maximum concentration until after 7 
hours have passed. A more probable interpretation is that the eggs recover 
from the effect of irradiation after a number of hours, and that at 7 or more 
hours after fertilization there is not time for recovery before the rhizoids form. 
The rhizoids begin to form in a population at about 12 hours after fertiliza- 
tion, with the mode at 16-17 hours (Whital^r and Lowrance, 1936). The 
formation of rhizoids in a population follows the form of a somewhat 
skewed probability curve so that on the basis of the recovery hypothesis 
Fig. 3 would be e:q)ected to be a sigmoid curve. A similar relation was 
found in the case of white light (Whitaker and Lowrance, 1936), although 
the eggs did not re^nd until somewhat longer after fertilization, which 
suggests that they take somewhat longer to recover from the effects of 
X2804 A, although less energy was applied. 

SUMMARY AND CONCLUSIONS 

1. When Fucus eggs which have been fertilized for a sufficient length 
of time are irradiated unilaterally with monochromatic ultraviolet light 
(X2804 A) of adequate dosage, 97-100 per cent form rhizoids on the halves 
of the eggs away from the source of radiation (see Figs. 1 and 2). 

2. The req)onsiveness of the eggs increases gradually after fertilization 
and does not reach a maximum until about 7 hours at 15°C. (see Fig. 3). 
The first rhizoids begin to form in a population at about 12 hours after 
fertilization. The responsiveness rem^s maximal until at least 11 hours 
after fertilization. 

3. It is suggested that the low respondveness of a population of eggs at 
an earlier period is due to recovery from the effects of irradiation before the 
rhizoids begin to form. 

4. The reqmnse of eggs to X2804 A is proportional, over a wide range, 
to the logarithm of the dosage (see Fig. 1). Dosage was regulated by the 
duration of esqmsure during the period of maximum re^nse. 

5. High dosages of X2804 A, of the order of 10,000 ergs per mm.*, cause 
the rhizoids to form fairly precisely away from the source of radiation 
(see Fig. 2). Twice this dosage inhibits rhizoid formation altogether 
without causing cytolyns. 

6. Other wave-lengths which have also been ^own to be effective are: 
3660, 3130, 2654, 2537, 2482, and 2345 A. Only exploratory measurements 
have been made to test the effectiveness of these wave-lengths, but they 
show that much greater energy is necessary to obtain a strong response 
with X3130 and 3660 A, e^cially the latter. The wave-lengths shorter 
than 2804 A, on the other hand, show the same order of effectiveness as 
X2804 A. Some may be more effective. 
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7. A beam of X2804 A which is incident on a single layer of Fucus eggs 
is completely extinguished at 2, 3, 6, or hours after fertilization. About 
85 per cent of a beam of X3660 A is extinguished. The wave-length 3660 A 
is thus not so completely absorbed as X2804 A, but the difference in propor- 
tion absorbed by the egg is not nearly so great as the difference in 
effectiveness. 

The author is indebted to Mr. Emerson Reed for assistance* in carrying 
out the experiments. 
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I 

INTRODUCTION 

The discovery of the auxins and their activity in controlling plant growth 
has raised certain questions of a novel type. Of these perhaps the most 
fundamental is that of the mechanism of the action: namely, of how a single 
substance can bring about the elaborate series of changes that comprise 
growth. Attempts at a solution of this problem have been made along 
the following three lines: (1) study of the chemical nature of the auxins; 
(2) study of the mechanical changes, particularly those of the cell wall, 
which accompany growth; and (3) analysis of the intermediate stages 
between the supplying of the hormone and the first appearance of the growth 
phenomena. The results of these experiments have been discussed by Went 
and Thimann (1937) and by Thimann and Bonner (1938) and need not 
be considered as a whole here. The essential data pertinent to the present 
research are as follows: 

A dose connection exists between growth and respiration. At least in 
the Avena coleoptile, growth will not take place without re^iration; and if 
respiration is partially reduced by treatment with the proper concentration 
of cyanide, growth is reduced to the same extent (Bonner, 1936). 

A close connection also exists between growth and protoplasmic stream- 
ing. Those concentrations of auxin which accelerate growth also accelerate 
the rate of streaming, and the effect on streaming is observable long before 
any effect on growth can be detected (Thimann and Sweeney, 1937). 
For both growth and streaming sugar plays an essential r61e as an accessory 
substance; it increases the amount of growth resulting from a given auxin 
concentration (Schneider, 1938), and it prolongs the acceleration of stream- 
ing caused by auxin (Sweeney and Thimann, 1938). 

The effect of various respiratory substrates on growth also serves to 
indicate an interrelation between growth and respiration. Thus, sugar is 
to the growth of isolated coleoptile sections, and the fouj’-carbon 
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adds, malic and fumaric, when supplied together with amdn and sugar 
further increase the growth of such sections. This latter fi n d in g, whidi was 
observed in certain preliminary experiments, served as a guide to the work 
to be discussed, and it will be shown that this effect sheds a good deal of 
light on the relation between auxin and respiration. 

All these data point in the direction of dose interrelation between the 
processes of growth and req>iration. Several attempts have been made to 
demonstrate some respiratory effect of auxin. However, in all cases the 
addition of auxin (in concentrations which accelerate growth) had no effect 
on the rate of respiration of Avena coleoptiles (Bonner, 1936;^ Van Hulssen, 
1934). It was apparent therefore, that the problem called for an examina- 
tion in greater detail. 

The present paper represents a study of the relation between growth and 
respiration in the Avena coleoptile, and an attempt to analyze the physio- 
logical basis of the effects of auxin. 


n 

McUerials and Methods 

Avena coleoptiles were grown in the usual way on filter paper in a dark room at 24^C. 
and 85 per cent relative humidity, with occasional red light. The plants were used at 
the age of 76 hours from the time of soaking unless otherwise stated. 

As auxin, pure indole-3-acetic acid was used throughout. The malic acid used was 
decolorized and recrystallized from a c.p. sample. All solutions were made up freshly 
once a week. Acid solutions were neutralized to pH 6.8 with KOH. 

Measurements of growth were made on isolated sections of the coleoptile 3 mm. long 
placed on combs floating on the surface of the solution used (as described by Schneider, 
1938). Thirty sections obtained from ten coleoptiles were used in each such experiment. 
Respiration was measured either in Warburg manometers using thirty sections or in the 
microrespirometer previously described by Thimann and Commoner (1940) using only 
a single section. In some cases the sections used for respiration experiments were 
measured for length by direct examination with a calibrated microscope (at the end of 
the run). The growth measurements were carried out in the dark moist room at 24^ 
and the respirometer water baths were held at the same temperature and shielded from 
light. 

m 

EXPERIMENTAL 

The fact that growth is dependent upon the presence of oxygen and that 
both growth and req)iration are proportionally inhibited by cyanide, pro- 
vides a due to the nature of the link between these processes. 

^In earlier work Bonner (1934) reported that growth substance stimulated the 
rei^iration of Avena coleoptiles. & later concluded that this effect was due to im- 
purities in the preparation since subsequent measurements with pure crystalline auxin 
bad no effect (1936). 
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The two end substances mvolved in reqpitation are oxygen and ^ sub- 
strate is oxidized (f-g., sugar). In many plant a-niwMJ the 
Warburg-Keilin req>iratory system appears to mediate 90 per cent of the 
oxidation. According to this scheme, molecular oxygen is activated by an 
oxidase enzyme, and the metabolite is prepared for oxidation by the system 
of dehydrogenases specific to it. Intermediate carriers link these two 
ultimate enz 3 nnes. Thus: 

Oxygen — > oiidaae ^ carriers a? dehydrogenase «- metabolite 

Cyanide poisons the (cytochrome) oxidase and thereby prevents the utiliza- 
tion of molecular oxygen. Since the reduction of respiration caused by 
various concentrations of cyanide is always accompanied by a proportion^ 
decrease in growth, it is indicated that the oxidase is necessary for both 
processes. On the other hand we know that respiration may take place 
without any accompan 3 ring growth, so that the same dehydrogenases cannot 
be necessary factors for both processes. It follows that if any separation 
between growth and respiration is to be experimentally effected, this must 
occur at the dehydrogenase end of the respiratory sequence. 

It was therefore decided to test the effect of various known inhibitors 
and accelerators of dehydrogenase activity upon the growth rate. 

I. The Effect of Dehydrogenase-Active Substances 

Growth measurements were made on sections of the Avena coleoptile, 
using the method described above. Combs carrying thirty sections were 
floated on solutions made up to a concentration of 1 per cent sucrose and 
1 mg. per liter of indole-3-acetic acid. To this solution were added various 
dehydrogenase-active substances and growth measurements made over a 
period of about 48 hours. 

Table I gives the relative growth in 24 hours of sections floated on the 
various solutions. From this it can be seen that the complete activity of 
the various dehydrogenases is necessary for complete growth. Urethane, 
which is a general inhibitor of dehydrogenases, causes a noticeable diminu- 
tion of growth. Pyrophosphate, which is known to inhibit the succinic 
dehydrogenase, has a more marked effect. Malonic add, another inhibitor 
of succinic dehydrogenase, has a similar effect on growth; while barbital, 
which is structurally related to malonic add, exerts a more marked in- 
hibition. 

The most striking reduction in growth was obtained with (mono)- 
iodoacetic add. This effect which was noticed in passing by Bonner (un- 
published) has been recently reported also by Howard and McClintock 
(1940). Our experiments were carried out independently of those of How- 



eftowni AND sEfiPitAftoK nr avbka cotEOftnB 

ard and McClintock but in so far as they are comparable our results do not 
disagree with those obtuned by them. 

lodoacetic add is known to inhibit a number of dehydrogenases and 
related enzymes. Among those enzymes affected are glyozalase, “apozy- 
mase,” lactic dehydrogenase, malic dehydrogenase, /S-hydrozybutyric 
dehydrogenase, alcohol dehydrogenase, a-glycerophosphate dehydrogenase, 
and pho^horylating enzymes Cohen, 1939). The effect of iodoacetic 
add on these enzymes seems greatly to depend on the concentration of the 
poison and on the state of the enzyme (i.e. whether in vivo, in vitro, etc.) 
and in some cases is in dilute. However, in the present case, as the data 
presented below demonstrate, the iodoacetic add effect seems to be rather 
q)edfic. 


TABLE 1 


SttbfUnce 

Concentration 

Relative jpowth 
in libra. 

Sucrose 

1 percent! 

1 mg./l. / 

1 per cent 

0.01 H 

100 

Aiirln 

Sucrose alone 

54 

lodoacetic acid -f* sucrose *4~ auidn* 

-12 

Malonic add + sucrose + auidn 

0.01 M 

39 

Barbital + sucrose -f* auain 

0.01 11 

7 

Urethane •+■ sucrose + auxin 

0.01 1C 

58 

Pyrophoqphate -h sucrose 4* auxin 

0.01 1C 

33 



* These solutions all include 1 per cent sucrose and 1 mg. of auxin per liter. 


The effect exerted on growth by various metabolites which would be 
expected to be dehydrogenated by the coleoptiles is shown in Fig. 1. 
Sucrose, of course, increases the growth of sections in auxin (Schneider, 
1938). In the presence of sucfom and auxin together, succinate, malate, 
fumarate, and pyruvate all increase the growth rate over that in sucrose and 
auxin alone. The acceleration of growth by the four-carbon dicarboxylic 
adds (and pyruvic add) occurs only after the first day of growth. 

It is clear, therefore, that certain inhibitors (iodoacetate in particular) 
whidi are known to reduce the respiratory activity of various dehydro- 
genases, are also inhibitors of growth. Further, the four-carbon adds, and 
pyruvic add, which are known to constitute an important reversibly oxi- 
dizaUe drain in the sequential processes of cell respiration (Szent-Gydrgi, 
19d5) accelerate the growth rate of coleoptile sections. 

2. The Effect of Iodoacetate on Growth and Respiration 

In the light of the above results it seemed important to examine in greater 
detail the effect of iodoacetate. Growth measurements were made in the 
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Usual manner, the sections being e]q>oaed to solutions' containing' 1' per cent 
sucrose,- 1 mg. of Uuain per liter, and vartous concentrations of-Kiodoacetate. 
The results are shown in Figs. 2 and 3; 



Fig. 1. The effect of malate (0.001 it) and succinate (0.001 h) on the time course of 
growth. All solutions contained 1 per cent sucrose and all but the sugar control con- 
tained 1 mg. of auxin per liter. 

These data demonstrate 
that the effect of iodoace- 
tate on growth is greatly 
dependent on concentra- 
tion. Concentrations of 
10^ or 10"* M actually 
accelerate the growth rate, 
while concentrations of 2 X 
10"* or greater produce a 
marked inhibition which 
becomes complete at 5 X 
10"* M. The shape of the 
growth curve in Fig. 3 is 
characteristic of the effect per liter, 
of many poisons and other 

active substances on enzymatic processes. Thus cyanide and carbon mono- 
xide in low concentrations sometimes accelerate oxygen consumption, and 
the effect of auxin itself on growth follows a similar curve (Thimaim, 1937). 

The influence of iodoacetate on the reqiiration of coleoptile sections 
was tested over the same range of concentrations. The reqiiratipn rates 
(obtained by Warburg measurements) are plotted in Fig. 3. It is dear 



Fig. 2. The effect of various concentrations of 
iodoacetate on the time course of growth. All solu- 
tions contained 1 per cent sucrose and 1 mg. of auxin 
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that the effects of iodoaoetste on growth and leqnration are widely divergent. 
At a concentration of 5 X 10^ n, while growth is completely inhibited, the 
rate of respiration is reduced but 9 per cent. lodoacetate has no marked 
inhibitory effect on re^iration until a Amcentration of 10^ m is reached. 

In other words, while iodoacetate at S X 10^ m completely blocks the 
growth processes in the Avena coleoptile, it exerts but a small effect on the 
re^iratory processes. It follows that the respiratory requirements of the 
growth processes cannot represent more than about 10 per cent of the total 
oi^gen consumption, and further that this small fraction of the total 



Fro. 3. Ihe effect of iodoacetate on growth and req;>iration. The growth was 
measured after 24 hour exposure to solutions containing 1 per cent sucrose, 1 mg. of 
auxin per liter, and various concentrations of iodoacetate. The respiration rate was 
determined after 4 hours and after 24 hours. 

respiration which is so sensitive to iodoacetate is itself directly concerned 
wi^ the whole growth process. 

J. Tk» Nahtre of the lodoacetate-Sensitive Process 

The above data have shown that iodoacetate poisons a process (or 
processes) which, while in complete control of growth, involves but a small 
fraction of the re^iration. The next step was to elucidate the nature of 
this process. 

'An a first approach the effect of various substances on the inhibition of 
growth produced by iodoacetate was studied. The substances tested 
included those which function as coenxymes or substrates in the enzyme 
processes which are susceptible of iodoacetate inhibition. These were 
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added to solutions containing 1 per cent sucrosei 1 mg. of auxin per liter, 
and 5 X 10*^ m iodoacetate. Adenine, nicotinic acid, thiamin, and phos- 
phate had no effect on the iodoacetate inhibition. The positive results 
obtained are shown in Fig. 4. It is clear that of the variety of substances 
tested, the four-carbon dicarboxylic acids, and pyruvic acid,* are alone able 
to counteract the inhibition induced by iodoacetate. Comparison of this 
figure with Fig. 1 shows that these substances even produced their usual 
acceleration of growth as compared with the sucrose-auxin control; i.e., 
the entire effect of iodoacetate was nullified. 

This result enables us to make at least a tentative identification of the 
iodoacetate-sensitive process. Since the work of Szent-Gy5rg)d (1935) 



Fig. 4. The effect of four-carbon acids and pyruvate (concentrations; 0.001 m) on 
the iodoacetate inhibition of growth. All solutions contained 1 per cent sucrose and 1 
mg. of auxin per liter. All solutions but the control contained 2 X 10~* h iodoacetate. 

it has been known that the four-carbon dicarboxylic acids function as res- 
piratory carriers in most cells. This occurs by way of a series of rever- 
sible oxido-reduction reactions: 

Succinic ^ fumaric ^ malic ^ oxaloacetic 

This sequence serves, in part, to carry the oxidative activity between the 
cytochrome oxidase and the dehydrogenases. As indicated above, two of 
the enzymes which mediate these oxido-reduction reactions, malic and 
succinic dehydrogenases, are inhibited (at least in vitro) by iodoacetate. 
It seems likely therefore that the iodoacetate-senative process in the Avena 
coleoptile is the series of four-carbon add reactions. . 

* The fact pyruvate behaves in the same way as the four-carbon adds is doubt- 
less due to its partidpation in the four-carbon add respiration cycle (Krebs and Egg^- 
ston, 1940). 
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4. The Effect of the Four-Carbon Adds on Respiration 

Nowj if the above deduction is correct it should be confirmed by aii 
examination of the respiratory ttcti'vdty of the four-carbon adds. It should 
be possible to diow that the cold>ptiie can oxidi^ these compounds, Shd 
most important of all, that this respiration is in some way controlled by 
auxin. The experiments which now follow are suflSdent, it is believed, 
to establish these pmnts. 

Coleoptile sections which had been soaked overnight in solutions of 1 
per cent sucrose plus 1 mg. per liter of auxin, or in sucrose alone, were treated 



Flo. 5. The influence of auxin on the respiratory effect of malate. The upper curve 
(dosed circles) is for sections which were soaked overnight in 1 per cent sucrose plus 
1 mg. of auxin per liter. The lower curve (open cirdes) is for sections which were soaked 
overnight in 1 per cent sucrose only. Malate (0.001 u) was added at the arrow mark. 
The origins are arbitrary. 

with 0.001 M malate and the effect on the respiration determined. One 
set of sections was also soaked in a solution containing sucrose, auxin, and 
the malate. The respiratory rate of this set was determined on the 2nd 
day and at the same time the effect of adding malate to the sets soaked in 
sugar alone and in sugar plus auxin was measured. The data presented 
in Fig. 5 show that when 0.001 m malate is added to the sections, the respira- 
tion of those in sucrose alone is increased very slightly, while the sections 
in sucrose plus auxin exhibit a more marked rise in rate. 

Ibe presence of malate prevents the fall in re^iratory rate which 
noiimally occurs during the 1st day after cutting. This decrease in Qo* 
can be recovered by adding malate on the 2nd day, but the acceleration of 

* Qot M used in this paper, tefm to the number of cubic millimeters of taygeu con- 
sumed by thirty coleoptile sections during 1 hour. 
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recitation caused by the malate is much larger when auxin is present than 
in sucrose alone. 

Hence it is apparent that the respiratory activity of malate is augmented 
by the presence of auxin. This point will be further developed in the sec- 
tions below. 


5. The Respiratory Effect of Auxin 

It is now possible to return to the original problem which was the concern 
of the earlier workers; namely, what is the effect of auxin on the respiration 
of the Avena coleoptile? 

The work of Bonner (1936) and Van Hulssen (1934) showed that growth- 
accelerating concentrations of auxin have no effect on the respiration of the 
coleoptiles. All of their determinations were made on large numbers of 
coleoptiles in water or in a sugar solution. However, the conditions of these 
experiments did not preclude the possibility that auxin might cause a small 
and transitory change in Qo,> which could well be masked by the large 
number of coleoptiles in the respirometer. In fact, the smallness of the 
fraction of the total respiration which is related to growth lent weight to 
this suggestion. 

Hence these findings were checked by respiration measurements on a 
single 3 nun. section of a coleoptile in the sensitive microvolumetric respi- 
rometer described by Thimann and Commoner (1940). A single section 
was placed in the respirometer immediately after cutting and floated on 
0.1 ml. of distilled water, 1 per cent sucrose, or 1 per cent fructose. After a 
stable respiration rate had been reached the apparatus was tipped and the 
section dropped into a solution identical with the original but containing 
auxin as well. Fig. 6 A which is one of a number obtained in the same 
way shows that no significant change in the respiration rate can be ob- 
served, thus agreeing with the previous work on larger masses of tissue.* 

However, the importance of the four-carbon adds, made dear above, 
suggested that the respiratory effect of auxin (if any) might be dependent 
on the presence of these substances. Consequently, the above experiment 
was repeated by adding auxin to a section which had been previously soaked 
for several hours in a solution containing 1 per cent sucrose and 0.001 ic 
K malate. Fig. 6 B shows that an increase in Qo. of about 14 per cent 
results from the addition of auxin in a concentration of 1 mg. per liter. 

* Du Buy and Olson (1940) , using another method, also found little change in leqtira- 
tion when 1 mg. per liter indole-acetic acid and fructose was added to freshly cut coleop- 
tiles. Their published curve appears, however, to show a slight increase (tf. also Hg. 7). 
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Hie rise in respiratory rate occurs almost immediately and is noticeable 
about 15 minutes after the addition takes place. 

Since this effect appeared to be stable over a period of several hours, it 
was possible to investigate it more fully using larger masses of tissue and 

Warburg respirometers. 

*1 I I I I I Thirty 3 mm. sections of 

^ Avena coleoptiles were intro* 
^ ^ duced into the main compart- 
® ment of the Warburg vessel 

<5 , ' ' together with 1.5 ml. of one 

^ . 'j' ' ^ of the following media: dis- 

tilled water, 1 per cent su- 
/*t I crose, 1 per cent sucrose plus 

^ ** malate, 1 per cent 

• sucrose plus 0.001 if fuma- 

rate. Into the side-arms 
were introduced 0.5 ml. por- 
■* ao *b” *>■' tions of a solution of auxin 

MINUTES . , 

in the appropnate medium. 

Fio. 6. The effect of auxin on the respiration rp. 

- . . , ^ t A 1 auxin concentration was 

of freshly cut apical sections of the Avena cole- . ... , . 

optUe. Curve A b for a single section placed in ’ liter, thus making 

1 per cent sucrose immediately after cutting, curve ^ P®*^ H^®*^ when added to 

B for a single section in 1 per cent sucrose plus the main part of the vessel. 

0.001 If malate. Auxin (1 mg. per liter) was added In the case of the water ex- 

at the point marked by the arrow. It should be periments, two side-arms 

noted that these QqJs arc high as compared with j ^ a. • • 

, . . were used, one contaminir a 

later measurements made with larger masses of . . . ^ 

tissue. This is due to the fact that the apical sec- solution of malate (to make 
tions have the highest normal Qog and that later 0.001 M when added) and the 
measuxements were made on sections obtained other a solution of auxin (to 
from 9 mm. (subapical) of the coleoptile. The make 1 mg. per liter when 
latter therefore have a lower average respiration, added). 

The present measurements were made immediately on. ' a.- i « 

after cutting so that the fall in Qoi which occurs . The sections were soa^ 

on standing was avoided. The origins of the appropnate medium 

curves are arbitrary. overnight (s.e. the medium 


to be placed in the main 
compartment of the vessel). 12 hours after sectioning the re^iration 
rates were measured, and after hours the side-arm solutions were 
tij^ied in. The rei^iration rate was followed for a number of hours 
after tipping. The results, presented in Fig. 7, offer clear-cut data on 
the effect of auxin on the respiration of coleoptile sections: 
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1. The addition of auzin to sections retiring in water caused no signifi- 
cant change in the rate of recitation (curve A). 

2. Sections soaked in sucrose (B, C, D) show an increase in 0oi from 
8 to 13 per cent (average 10 per cent) on addition of auxin. This increase 
does not occur until about 1 hour after the addition takes place. In other 
experiments where the time of soaking in sucrose was less, this indBase 
did not occur at all. 



Fig. 7. The effect of auxin on the respiration of sets of thirty coleoptile sections (from 
ten coleoptiles) under various conditions. A, in water; B, C, D, in 1 per cent sucrose; 
E, F, G, in 1 per cent sucrose plus 0.001 m malate; H in 1 per cent sucrose plus 0.001 u 
fumarate. Auxin (1 mg. per liter) was added at the arrow mark. The origin of each 
curve is arbitrary. 

3. On the other hand, the addition of auxin to sections kept in a mixture 
of sucrose and malate (E, F, G), or in sucrose plus fumarate (H) produced 
an increase in respiration rate of from IS to 28 per cent (average 22 per 
cent). 

It was also found that the addition of malate (0.001 m) to water-soaked 
plants caused no significant change in the rate of re^iration. 

Now it was shown that the respiratory activity of malate depends on 
the presence of auxin, and the data of Fig. 7 show that auxin can itself 
.rimiiiat.. re^iration. This stimulation occurs to a small extent if the 
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sections have been disposed to sucrose for a long tune, but is greatly magni- 
fied by the presence of malate or fumarate. There is thus a mutual rela- 
tionship between the effect of auxin and the four-carbon adds on re^iration. 
n we bear in mind as well the growth e 3 q>eriment 8 of Figs. 1 and 4, it is 
dear that the four-carbon add ieq>iration system must be one of the links 
in die chun of growth processes. 

If this is true, the effect of auxin in stimulating growth should parallel 
closely its effectiveness as an activator of the four-carbon add respiration. 


6. The Identity of the Auxin Effect on Groudh and on the Four-Carbon 

Acid Respiration 


The acceleration of growth produced by auxin has long been known 
to be dosely dependent upon the concentration of the hormone. Conse- 
quently, the problem of the possible identity of the two auxin effects was 



MINUTES 


Fig. 8. The effect of various concentrations 
of auxin on the of thirty coleoptQe sections. 
Ihe concentration of auxin in milligrams per 
liter is indicated on the rid>t of each curve. 
The aero point for each curve is marked by the 
position of the letter corresponding to it on the 
ordinate. For exanq>le, the initial Qo^ of 
curve C is 2.8. All solutions contained 1 per 


studied by determining the vari- 
ation of their intensities with 
different concentrations of auxin. 

Sets of thirty sections were 
soaked overnight in a solution 
of 1 per cent sucrose plus 0.001 M 
malate and placed in Warburg 
vessels with 1.5 ml. of the same 
solution. The side-arms were 
filled with 0.5 ml. of the mixture 
made up to contain various auxin 
concentrations. The effect of 
adding vaiying amounts of auxin 
is shown in Fig. 8 (not all of the 
concentrations used are shown 
here). On the 3rd day the sec- 
tions were removed from the 
vessels and their lengths meas- 
ured. The percentage increase 
in length is plotted in Fig. 9 
along with the re^iration data 


cent sucrose plus 0.001 if malate. of Fig. 8 reduced to percentages. 

* It is dear from this figure tiiat 

there is a qualitative identity between the effect of auxin on growth and 
on the four-carbon add re^iration. The curves are deddedly parallel, 
both showing qptima in the range of 1 to 10 mg. of auxin per liter. 
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7. Characteristics of the Respiratory Processes Involved in Growth 

1q order to study further the properties of the four>carboii add re^ira- 
tiou in the coleoptile it was necessary to deplete the tissues of their reserves 
of reQ>iratory substrates. This procedure would then reduce the activity 
of the total re^irationi and enable the normally amnil fraction of four* 
carbon acid re^iration to be measured with greater accuraqr. It was 
shown in Fig. 7 that on soaking the sections in water (or in sucrose solu- 
tion) the reqiiratory rjite falls off, and that this falling off is prevented 
by the presence of sucrose and malate together. It may be deduced from 



Fig. 9. The effect of various concentrations of auxin on the growth and respiration 
of coleoptile sections. The data were obuined on the same sets of thirty sections 
The increases noted are relative to the Qo, and coleoptile length previous to the addition 
of ftiiTin All solutions contained 1 per cent sucrose + 0.001 M malate. 


this that during soaking in water the reserves of malate (and the other four- 
carbon adds) are depleted. Hence, if such substances were then added 
to these sections, the measurement of the resultant respiratory rate could 
provide an accurate index of the activity of this normally small fraction 

of the total respiration. ^ 

Such experiments were carried out by soaking the sections m distilled 
water for a period of about 18 hours. At the end of this time the Qo, 
(per thirty sections) had fallen to 1.2, less than one-half of the original 
value. The effect of the four-carbon acids under various conditions was 
then determined by measuring the Qo. after the various substances had been 
added to the starved coleoptile sections. All the solutions used contained 


1 per cent sucrose. , 

The results obtained from this ejqienment are shown m Fig. 10.^ Fig. 



iSH GEOWIB Aim XESnSATION XM AV^A COUtCVVIUE 

10a shows the effect of vsriotis concentrations of mslate (in the pres* 
ence and absence of auxin) on the re^iration and growth of the coleoptile 
sections. If auxin is present, the respiration is markedly dependent upon 
the concentration of malate, ri^g to an optimum at 0.001 H and falling off 
to a low and constant value at higher concentrations. However, if there 



Fig. 10a 



Fio. m 

Fto. 10. The effects of various concentiations of malate (a) and fumarate (b) on 
growth and respiration of colec^tile sections. The growth and respiration measure- 
ments were made on the same sets of sections in each case. The auxin concentration 
used was 10 mg. per liter. All solutions used contained 1 per cent sucrose. 

is no auxin present, the Qo, is almost entirely independent of the malate 
concentration, the rate remaining at the low level characteristic of the supra- 
opthnal concentration of malate in the presence of auxin. Similarly, the 
length increments,* which roughly parallel the Qo,> ^ dq)endent on malate 
only in the presence of auxin. 

*It should be pointed out that such starved sections exhibit a smaller re^xmse 
(in growth) to the addition of auxin as oompaied with freshly cut sections. 
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The effect of various concentrations of fumarate On 1 per cent sucrose) 
on growth and respiration is of a rimilar nature (Fig. 106). Li this 
case too, the Stimulations of growth and re^iration parallel eadi other, 
at least m the lower concentrations, and occur only if aurin is present. 

Thus, when auxin is present, malate and fumarate appear to exrat a 
catalytic effect on the oxidation of the sucrose in the medium. This 
catalytic effect is indicated by the shapes of the curves, which rise to an 
opti m u m Qq^ and then fall off sharply. This suggests that small amounts 
of these acids can bring about an increase in rei^iration not by being them- 
selves oxidized, but rather by stimulating the oxidation of some other sub- 
strate — such as sucrose. Such an interpretation is of course in keeping 
with the well established rdle of the four-carbon adds as carriers of oxidative 
processes in the cell. 

In the case of fumarate the optimum concentration is somewhat lower 
than that of malate, and a secondary rise in Qo, occurs in concentrations 
greater than 0.001 m. This latter phenomenon seems to indicate that in 
addition to its catalytic effect on the oxidation of other substrates, fumarate 
may itself be irreversibly oxidized if present in high concentrations. It is 
interesting to note, however, that the secondary rise in rate although it is 
dependent on auxin, does not occur in the effect on growth. Less complete 
experiments with succinate gave results similar to those obtained with 
fumarate.* 

It appears therefore, that in the Avena coleoptile the functioning of malate 
and fumarate as respiratory carriers is dependent on the presence of auxin. 
Furthermore the catalytic stimulation of respiration by these substances 
is paralleled by their acceleration of growth. It seems dear that the 
respiratory activity of the four-carbon add system is in some manner 
catalyzed by auxin, and that this activity is one of the requisites for the 
stimulation of growth by auxin. 


IV 

DISCUSSION AND CONCLUSIONS 

The data here presented provide the basis for a new understanding of 
the relationship between growth and recitation in the Avena coleoptile. 

Perhaps the most important condusion to be drawn is that the effective- 
ness of auxin as a growth hormone is closely related to its effect on certain 
recltatory processes; *.e., that auxm itself provides the link Ixtween 
growth and resp^O’tlon. 

'As a rlii fi* oo these espeiimenU, a similar tun with various oonoentiations of 
aceUte was carried out. There was no significant effect on the growth or respiration. 



^ GXOI^ AND WtaPIEATroN IN AVINA COIKOFIIU6 

When it was first discovered that the growth of plants depended on 
their respiratory activity, the latter was looked upon as a “primary essen- 
tial” for growth (Heffer, 1900); that is, growth depended on the energy 
derived from respiration, and so it was logically necessary that respiration 
be required for growth. This concept of generalized dependence received 
support, in more recent times, from the finding of Bonner (1936) that 
cyanide inhibition reduced growth and respiration proportionally. 

The present paper indicates that this relationship, rather than being 
formal, is mediated by certain very specific processes. It has been shown 
that growth may be completely inhibited by the proper concentration of 
iodoacetate and the respiratory rate reduced by but 10 per cent. Thus 
there must exist some process which, while responsible for but a small part 
of the normal respiration, is wholly in control of growth and of the effect 
of auxin on growth. This finding agrees with the conclusion of Sweeney 
and Thimann (1938) that auxin accelerates a respiratory process repre- 
senting only a small part of the total but controlling protoplasmic 
streaming and growth. 

It has also been shown that this link is represented by the four-carbon 
add reiq>iratory system. This system catalyzes part of the total oxidation 
of respiratory substrates such as sucrose (probably in the form of glucose) 
but is apparently a direct link in the chain of reactions which is responsible 
for aU of the growth. 

The four-carbon add respiration system represents a small but variable 
fraction of the total Qq^. In the freshly cut section it accounts for but 10 
per cent of the total; and thus, since it alone re^nds to the addition of 
auxin, no detectable increase in Qq^ occurs when the hormone is added under 
these conditions. However, if malate . or fumarate is soaked into the 
coleoptile section, the respiratory capacity of this system becomes enlarged, 
so that when it is activated by addition of auxin a noticeable increase in 
req}iratory rate ensues. 

The effect of various concentrations of malate and fmnarate indicates 
that these substances catalyze the oxidation of other respiratory substrates 
(such as sucrose), although in the case of fumarate, and perhaps succinate, 
there is evidence to indicate that they may themselves be irreversibly oxi- 
dized when present in suffidently high concentrations. It was not the 
purpose of the present paper, however, to attempt a detailed analysis of the 
properties of this respiratory system, but rather to discover the qualitative 
linkage between growth and the respiratory processes related to it. 

The data obtained indicate that the dependence of growth on oxygen 
consumption is due to the participation of a respiratory process, the four- 
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carbon add system, in the chain of growth processes. Further, it Is dear 
that the influence of auxin on growth is related to its effect on this respira- 
tory system. 


V 

SUMMARY 

1. The growth of Avena coleoptile sections in sucrose and auxin solutions 
is inhibited by various substances which are known to act as dehydrogenase 
inhibitors. 

2. lodoacetate, which is particularly active in this connection, inhibits 
all growth at a concentration of 5 X 10~* m, but produces only a slight 
inhibition of oxygen uptake. 

3. The growth inhibition by iodoacetate is completely removed by malate 
and fumarate, and to a lesser extent by succinate and pyruvate. 

4. These adds themselves increase the effect of auxin on growth and 
also increase the respiration of the coleoptile sections, but only if auxin is 
present. 

5. When sections have been soaked in malate or fumarate, the addition 
of auxin considerably increases the total respiration. Further, the con- 
centration range over which this increase takes place parallels that active in 
promoting growth. 

6. The four-carbon acids provide a respiratory system which is part of the 
chain of growth processes, and which is in some way catalyzed by auxin. 
It represents a small but variable fraction of the total respiration. 
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THE EFFECT OF SWELLING ON THE RESPIRATION OF 
ERYTHROCYTES* 

B« F. R. HUNTER and W. G. BANFIELD 
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(Received for publication, July 22, 1940) 

This investigation represents an additional attempt to test the hjrpothesis 
that a relationship exists between the respiratory activity of a cell and the 
maintenance of the selectively permeable properties of its membrane. If 
this hypothesis were true, it seemed reasonable to expect that a change in 
the tension of the plasma membrane might possibly bring about a com- 
pensatory change in the respiratory activity of the cell. All of the avail- 
able evidence would indicate that this probably was not the case, but no 
such assumption can be made a priori. A number of investigators have 
studied the effect of a change in cell size on respiration. Imnan (1921 a) 
using the marine alga Laminaria, reported a decrease in carbon dioxide 
production in both hjqratonic and h 3 rpertonic solutions, while Bodine (1933) 
using grasshopper eggs in hypertonic solutions and Johnson and Harvey 
(1938) using marine luminous bacteria in hypotonic solutions, reported a 
decrease in oxygen consumption. Ray (1927) reported a similar decrease 
in oxygen consumption of dog reticulocytes in both hyper- and hypotonic 
solutions. Tipton (1933) foimd no significant change in the rate of o: 7 gen 
consumption of chicken erythrocytes using hypotonic and slightly hyper- 
tonic solutions of sodium chloride, while Hunter (1939) using the same 
t}rpe of cells in highly hypertonic sodiiun chloride solutions reported a 
marked decrease in oxygen consumption. Hypotonic solutions had no 
effect tmtil a considerable number of cells were hemolyzed. In these 
solutions there was a marked decrease in o^gen consumption. Ponder 
(personal communication) found that hypotonic solutions had no effect on 
the rate of oi^gen consumption of rabbit erythroQrtes. All of these 
authors have reported either a decrease in respiration or no change result- 
ing from anisotonic media. 

The present investigation was imdertaken in an attempt to determine 

* One of the authors (F. R. H.) wishes to acknowledge grants-in-aid from the Ameri- 
can Academy of Arts and Sciences and the American Association for the Advancement 
<A Scieoce. 
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what changes in respiration, if any, were associated with the actual swelling 
of a cell such as an erythrocyte. In the previous investigations, the cells 
were allowed to reach osmotic equilibrium in the anisotonic medium before 
respiratory measurements were made. The present data were obtained 
while the volume changes of the cells were taking place. Chicken eryth- 
rocytes obtained from defibrinated blood were ‘the cells used. It was 
necessary to find some substance which would penetrate the cells slowly 
enough so that respiratory measurements could be made during the swelling 
process. Preliminary tests showed that erythritol penetrated chicken 
erythrocytes at 37**C. at such a rate that considerable hemolysis had 
occurred in about 45 minutes. Although this substance penetrated a little 
more rapidly than was desirable for these experiments, larger molecules 
could not be used because they failed to penetrate in a reasonable length of 
time. By lowering the temperature the rate of penetration could have 
been decreased, but this would also have decreased the rate of oxygen con- 
sumption. The experiments were made at a temperature of 37“ ± 0.02“C., 
and all possible manipulations were made before the blood was added. 
This was done to minimize the amount of swelling which occurred before the 
respiratory measurements were begun. 

The blood was centrifuged before using to remove as much of the serum 
as possible. Since small volumes of solutions had to be used, it was neces- 
sary to eliminate the osmotic effect of the serum. Although only a small 
amount would have been added, it would have reduced the volume of the 
experimental solution which could have been used. This in turn would 
have made the solution surrounding the cells more nearly isosmotic, which 
would have resulted in a smaller volume change of the cells. O^^gen con- 
sumption measurements were made using a Barcroft-Warburg micro- 
respirometer as previously described (Hunter and Pahigian, 1940). Three 
vessels were used for a single e 3 q>eriment. The control consisted of one- 
half cc. of chicken erythroqrtes suspended in 3 cc. of Ringer-Locke. One 
experimental vessel contained one-half cc. of cells in 3 cc. of 0.3 m erythritol, 
while the second experimental vessel contained one-half cc. of cells sus- 
pended in 3 cc. of a solution of 0.3 h erythritol in Ringer-Locke. In the 
first experimental solution, the ceUs swelled from their normal volume to 
their hemolytic volume. In the second experimental solution, the cells 
swells from a shrunken condition (due to the loss of water into the hyper- 
tonic solution) back to their normal volume. 

The results of a typical expc;riment are plotted in Fig. 1. The cubic 
millimettts of oxygen are plotted against the time in minutes. It can be 
seen that there is no marked change in the rate of ojQrgen consumption in 
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the experimental cells. At the beginning the shrunken cells consume oj^- 
gen at a sli^tly slower rate, as would be expected from previous experi- 
ments (Hunter, 1939). Although this previous work showed that the 
oxygen consumption was irreversibly decreased when the cells were shrunk, 
these cells were allowed to remain in the shrunken condition for at least 1 
hour before they were swollen back to their normal volume. In the present 
experiments the cells began to swell back to their original volimie almost 



Fig. 1. The effect of swelling on the oxygen consumption of chicken erythrocytes 
•-Ringer-Locke; O-erythritol in Ringer-Locke; O-erythritol. 

Fig. 2. The effect of swelling on the anaerobic glycolysis of beef erythrocytes. •- 
Ringer-Locke; O-erythritol in Ringer-Locke; ©-erythritol. 

instantaneously. The fact that the oxygen consmnption of the shrunken 
cells recovered to the normal rate when the cells began to return immedi- 
ately to their normal volume is in accord with the observations of Inman 
(1921ft). This author showed that the degree of recovery of respiration 
was inversely proportional to the length of time the cells had remained 
ahinnk. Except for this initial lowering of the rate, it seems to be the 
as that of the control cells. This would indicate that tbeh was no 
change in the aerobic re^iratory activity of the cells' associated with 
swdling from a shrunken to a normal condition. The first portion of the 
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curve obtained from cells suspended in erythritol solution ai^)ears to be 
essentially the same as the control curve. As soon as an appreciable num- 
ber of cells have hemolyzed, the rate falls off as would be expected on the 
basis of the data presented by Michaelis and Salomon (1930) . Ramsey and 
Warren (1930) reported a large “burst” when various t 3 rpe 8 of erythrocytes 
were hemolyzed. In view of these experiments, it might be expected that 
there would be an increase in the rate of osygen consumption as the cells 
hemolyzed in the erythritol solution. A further investigation by these 
authors (1934) demonstrated that this burst did not always appear. They 
also pointed out that the sudden increase in oxygen consumption depended 
on the plasma. Since in the present investigation only cells were used, the 
burst would not be expected to appear. 

Since we demonstrated that aerobic oxidations are not involved when the 
cell membrane is stretched (^. Hunter, 1936, 1937), it seemed of interest 
to determine if the experimental treatment would affect anaerobic glycoly- 
sis. These measurements were made in the same manner as previously 
described (Himter and Pahigian, 1940). Because the oxygen in the vessels 
had to be displaced by a nitrogen-carbon dioxide mixture, a longer equilibra- 
tion period was necessary before the readings could be taken. Conse- 
quently, some other type of cell had to be used. It was found that 
erythritol penetrated beef erythrocytes at a much slower rate {cf. Jacobs, 
Classman, and Paipart, 1935). Although non-nucleated erythrocytes 
consume very little oxygen (Michaelis and . Salomon, 1930), it has been 
shown that they produce lactic acid anaerobically at a considerably faster 
rate (Kempner, 1939). In view of these two facts, beef erythrocytes were 
used for the glycolysis measurements. The blood was freshly drawn from 
the jugular vein into a sterile bottle and defibrinated . In most experiments 
it was used within a few hours of drawing, while in others it was kept in an 
ice box for 24 hours. The results were the same in either case. In these 
e^riments the control solution was RJnger-Locke containing 200 mg. 
per cent glucose and 0.03 N NaHCOs. One experimental solution contain^ 
0.3 M erythritol, 0.03 N NaHCO*, and 200 mg. per cent glucose, while the 
second erqperimental solution was the same as the above, except it was m e 
up in Ringer-Locke. The osmotic effect of the NaHCOt and glucose was 
negligible since the amounts added were small, and the changes in cell 
voluifle would, still occur. The Warburg vessels used in these experiments 
were smaller (about 6 cc.) than those used in the preceding ones. Conse- 
quently, a smaller total volume of solution was used. In some experiments 
0.3 cc. of centrifuged cells was added to 1.7 cc. of solution, while in others 
0.6 cc. of cdls was added to 1.4 cc. of solution. Half an hour was allowed 
for the diqdacement of the oxygen by the NrCOi gas ihixture. 
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A typical pair of curves are plotted in Fig. 2. Tlie cubic millimeters of 
carbon dioxide produced are plotted against the time in minutes. It 
^ould be remembered that 1 c. mm. of carbon dioxide is equivalent to 

0.004 mg. of lactic acid. It is evident that the change in cell size has no 
marked effect on the anaerobic breakdown of sugars until the cells b^;in 
to hemolyze. 

These results are what might have been postulated on the basis of pre- 
vious experiments. Without experimental evidence, however, such pre- 
dictions would not have carried much weight. It should be pointed out 
that a mammalian erythrocyte, because of its peculiar shape, does not 
undergo as great a change in surface area as would at first appear. That 
it does undergo a certain amount of stretching, however, is not denied 
(Fonder and Marsland, 1935). It is reasonable to assume that because of 
its initial shape an avian erythrocyte when it swells would have a greater 
change in surface area than a mammalian erythrocyte. The fact that a 
c:hange in cell size, and hence a change in the surface area, is not accom- 
panied by any compensatory change in either o:ygen cx>nsumption or 
anaerobic glycolysis adds further evidence testing the hypothesis of a re- 
lationship between the cell membrane and its respiratory activity. 

SUMMARY 

1. Orygen consumption measurements made while a chicken erythrocyte 
swells show no increase over the control value. 

2. There is no change in the rate of anaerobic glycolysis in beef erythro- 
cytes when they swell. 

3. The above statements are true whether the cells swell from a shrunken 
condition back to the normal volume, or swell from the normal to the 
hemolytic volume. 

4. These data add a further test of the hypothesis that a relationship 
exists between the cell membrane and its respiratory activity. 
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INTRODUCTION 

Northrop and coworkers (1-3) believe that solubility studies constitute 
the most sensitive and reliable test for determining the homogeneity of 
proteins and have used them successfully as a test for purity of their crystal- 
line enzyme preparations. Herriott, Desreux, and Northrop (4) were able 
to show that a number of pepsin solutions that appeared to be homogeneous 
in electrophoresis experiments contained several protein components as 
indicated by solubility studies. Steinhardt (5) has recently ^own that 
in the case of some proteins difficulties may attend the application of 
the test. 

Cohn and coworkers (6, 7) have carried out protein solubility studies 
using the salting-out effect of electrolytes in buffer solutions. If proteins 
are pure, a plot of the logarithm of solubility against ionic strength may 
appear to be a straight line. Slopes and intersects to the ordinate are used 
in characterizing the protein. 

The solubility method is not only useful in determining the purity of a 
preparation but is a sensitive method for distinguishing species specificity 
of proteins (8). Our preparations of pituitary lactogenic hormone have 
been demonstrated recently to act as a homogeneous substance in the 
Tiselius apparatus (9), and preparations of beef and sheep hormone 
were indistinguishable (10) electrophoretically. Bischoff and Lyons (11) 
were not able to differentiate the hormone prepared from beef or sheep 
pituitary by certain immunological methods. It seemed worth while, 
therefore, to investigate the solubility behavior of our beef and sheep lacto- 
genic hormones in order to determine not only whether they were pure but 

* Aided by grants from the Board of Research of the University of California, 'from 
The Foundation, from Parke, Davis Company, and from ffie National 

Council Committee on Research in Endocrinology. Assistance was rendered 
by the Works Progress Administration, Project No. OP 665-0&-3-30, Unit A-3. 
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also whether thqr were qpedes specific. The beef and sheep lactogenic 
hormones used in this work were prepared in essentially the same manner 
as previously described (12). 

A. SolubUiiy in NaCUHCl Solution 

Preparation and L299S^ contained approximately 30 International Units 

per mg. The isoelectric precipitate (about 300 mg.) was wa^ed twice with 40-50 cc. 
of solvent. The washed precipitate was used for the solubility experiments. The 
solvent was made with 0.302 ic NaCl in 0.01 n HCl solution and contained 2 per cent 
butanol. The pH of the solution was 2.02^ (glass electrode). 

JIfeiAodi.— The precipitate which had been washed twice with the solvent was broken 
into a fine suspension by agitation’ for 15 hours in a closed test tube (12 X 100 mm. 
I^yrex). 

Varying amounts of this suspension were distributed into test tubes and each tube 
was then filled with the solvent. The technique to displace the re m ai n i ng air bubbles 
was essentially the same as that described by Kunitz and Northrop (13). The tubes 
were then agitated on the wheel for 2 or 3 days. The solutions were filtered through a 
Whatman filter paper (No. 42) and the filtrate analyzed for nitrogen. Nitrogen was 
determined by a micro-Kjeldahl method and the results represent averages of two or 
more determinations. 

The amount of protein dissolved was sometimes checked by Folin’s phenol reagent 
(14) and carried out in the following manner. To 1 cc. of the filtrate, diluted to 10 cc., 
were added 2 cc. of 1 ic NaOH and 3 cc. 1 :3 Folin’s reagent. The mixture was kept in 
an oven at 40^C. for 15 minutes. The color produced was measured in the Cenco 
photelometer using the red filter. The protein content was then read from a standard 
curve which had been constructed by using known quantities of protein in the same 
manner. The amount of nitrogen was obtained by assuming that the hormone con- 
tained 14.52’ per cent nitrogen. 

Results . — Results are given in Fig. 1. The curve shows that the prepara- 
tion obeys strictly the requirements of the phase rule for a single substance. 
It may be noted that the initial slope of the curve is 1, indicating that the 
solutions were perfectly clear before the appearance of the solid phase. This 

^ Throughout this paper S indicates sheep and beef origin of the pituitary lacto- 
genic prqMuations. 

’ In this connection, the stability of lactogenic hormone in acid solutions was studied. 
10 mg. L299S were dissolved in 5 cc. 0.1 m HCl. The mixtures were kept at room tem- 
perature (20-21^C.) for 1, 2, and 3 days in the presence of 2 per cent butanol as pre- 
servative. Before being assayed solutions were neutralized and it was found that there 
was no difference in potency in the 1 and 2 day samples, whereas the 3 day sample 
showed a loss in potency of about 50 per cent. 

’ The test tubes were clamped on a revolving wheel; two glass beads were placed in 
each tube to agitate the material. 

’ This value is low because corrections were not made for ash and moisture. 
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fact as wdl as our determination that the biological potenqr the sdii^le 
protein was the same as that of the insoluble protdn in saturated solutions 
presents further evidence for homogeneity of the hormone. 

B. Solubility in Water 

Water is well known to be the most favorable solvent for solubility studies 
because interactions which sometimes take place between salts and their 



Flo. 1. Solubility of sheep lactogenic hormone preparation (L29S>S) in 0.302 u NaCl 
solution of pH 2.02 at 21-22'’C. 


saturating body are eliminated. As pointed out by Cohn (16), the solu- 
bility in water of a pure protein may be considered as a fundamental, 
physicochemical constant which may be used in identifying and in classi- 
fying proteins. However, owing to the difficulty in removing the last 
trace of salt, acid, and alkali from isoelectric proteins there are very few 
pure proteins which have been investigated as to their homogeneity, by 
the method of solubility in water. 

L294B was an isoelectric preparation obtained from beef pituitanes. Approiimately 
1 gm. of wet isoelectric precipitate was triturated three times with SO cc. water. Two 
aohibrnty were carried out using different quantitiea of the washed preapi- 
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thi iiiii»voiain»<< #at». The tCit tubes (aa in eqierlia«nts of section A) wen 

the wheel for 2 days at room temperaturo; the suq>en8ions were then roclrod 
In a ooM romu at a temperature of 7-8*C. for another 2 days. The solubility of iso- 
dectric beef kctogenic hormone in water (at 7-8*C.) was found to be 0.102 gm. per liter 
in the tube containing the smallest amount of solid, while in the tube containing seven 
times that amount of saturating body, the solubility was practically the same ^.104 gm. 
per Hter). This indicates that the preparation behaved as a single substance. The 
low solubility ci the protein suggests that it has a low dissociation constant and possibly 
that it has a small number of free polar groupings in the molecule. 

C. Salting Out Effect of NaCl in Acid Solution 

The influence of salts on the solubility of proteins has been used not only 
for separation and purification purposes but for the characterization of 
proteins. Cohn (17) has shown that solubility is defined by an equation 
of the form 

log 5 » /3 — Ktn 

in which K, is a salting-out constant characteristic of the salt employed, 
an intercq}t constant diaracteristic of the saturating substance, n the ionic 
strength per 1000 gm. of water, and S the solubility of the protein in gm. 
per liter. Using this technique. Green, Cohn, and Blanchard (18) were able 
to show the species specificity of horse and human carbojQrhemoglobins. 
Since species specificity has not hitherto been shown to exist in the case of 
lactogenic hormone, it seemed interesting to attempt with the aid of this 
method a differentiation between our beef and sheep lactogenic preparations. 

ExperimeiUal.—12%T& and L288S were acetone-dried isoelectric precipitates. They 
both contained approximately 30 I.U. per mg. 20 mg. of L287B or L288S were dis- 
solved in 2 cc. of 0.01 N HCl and to this were added 3 cc. of 0.01 n HCl containing 
different amounts of NaCl.* The test tube was then shaken slowly for about 2 hours 
at room temperature. The suspension was filtered and the filtrate was analyzed for 
nitrogen as described in section A. 

Results . — ^The behavior of these two lactogenic hormones is graphically 
represented in Fig. 2. These results show that the solubility of both L287B 
and L288S followed the rule represented by the equation previously given. 
Furthermore, sheep lactogenic hormone was foimd to be more soluble than 
the beef hormone in these add solutions.* It is of interest to note that the 

* Since solubility is a function not only of the concentration of the salt, but of the pH 
and die ttmperature, it is very in^iortant to make up the solvent with extreme accuracy. 
This has not been attempted in the present experiments since the results were intended 
primarify for the purpose of comparing she^ and beef hormones rather than establishing 
diaracteristic abedute values for the solubility. 

* In eqieriments udng dtrate buffer ^.1 ii, pH » 6.36) beef lactogenic hormone has 
been found to be more soluble than sheep. 
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sk^)es (^«) df tbe two curves are almost the same whereas' tiw>4&teroq>t 
constants ( 0 ) exhibit differences. 



Fig. 2. Solubilities of beef and sheep lactogenic hormone (L287B) and (L288S) in 
different concentrations of NaCl of 0.01 n HCl solutions at 21-22®C. 

It may also be seen that NaCl proved to be a very effective precipitant 
for the hormone dissolved in dilute HCl.^ We have always observed that 
the lactogenic hormone is very soluble in this solvent, but its solubility is 
greatly decreased in the presence of salts. The solubility in alkaline solu- 

^ The addition of HCl to a strength of 0.5 m causes the precipitation of lactogenic 
hormone. 
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tion is, however, iK>t so much affected by the presence of NaCl. Thus, 
the precipitation of lactogenic hormone began only when 32 gm. of NaCl 
were added to 100 cc. 0.01 n NaOH solution; on the other hand, the hormone 
began to precipitate out in 0.01 N acid solution when 1.5 gm. of NaCl were 
added, ^lubility is a measure of the interaction between protein dipoles 
and the ions of a salt and the difference in behavior of the protein in acid 
and basic solutions may be attributed, in part, to the fact that the dissocia- 
tion constants of certain groups are much higher above than below the 
isoelectric point. 


D. DISCUSSION 

It is generally agreed that crystalline proteins are not always homo- 
geneous with respect to sedimentation, electric charge, and solubility, but 
ultracentrifugation, electrophoresis, and solubility studies also have limita- 
tions. Since proteins fall into molecular weight classes (19), and so many 
proteins have molecular weights ranging from 34,000 to 42,000, the ultra- 
centrifuge has often proved unsatisfactory in characterizing the purity of 
a protein. Furthermore, a single boundary in the Tiselius apparatus does 
not necessarily signify a pure substance. Solubility studies constitute the 
best available method for determining homogeneity of a protein, especially 
if they are carried out with a variety of solvents, and due regard is given 
to the possibility that solubility anomalies may occur under certain cir- 
cumstances (5, 20, 21). 

Although we have not yet been able to secure the pituitary lactogenic 
hormone in uniform crystalline state, our preparations behave in electro- 
phoresis experiments (9) as a single substance. The solubility studies 
herein reported also failed to disclose more than a single component. Pre- 
liminary work on ultracentrifugation of the lactogenic hormone has so far 
shown it to be homogeneous, but further data have yet to be collected. 

The species specificity of pituitary lactogenic hormone as demonstrated 
in this paper is particularly interesting. In our previous work we (10) 
were not able to distinguish the sheep pituitary hormone from that of beef 
pituitary in electrophoresis experiments. Bischoff and Lyons (11) were 
also unable to differentiate them through the use of precipitin, anaphylaxis, 
or the Dale and Arthus reactions. An analogous situation has been found 
to be the case with pepsin (22). 

SUMMARY 

The sdubility of dieq> pituitary lactogenic hormone in 0.302 m NaCl 
at pH 2.02 (solution in HCl) has been determined at room temperature. 
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It showed a constant solubility in the presence of a considerable excess of 
the solid phase) an indication that the preparation contained but one com- 
ponent. 

Beef lactogenic hormone showed a constant solubility in distilled HsO at 
7-8®C in the presence of excess of the solid phase. 

The salting-out effect of NaCl in acid solution of both beef and sheep 
hormones has been studied at room temperature. In these studies both 
preparations behaved as pure substances, but they exhibited differences in 
solubility) thus indicating a species specificity. 
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EFFECTS OF HEXYLRESORCINOL ON VALONIA 

By W. J. V. OSTERHOUT 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, September 12, 1940) ' 

Experiments on Nitella have shown considerable resemblance* between 
the effects of hexylresorcinol and those of guaiacol. This resemblance is 
even more striking in Valonia. 

Fig. 1 shows* the effect of 0.0006 m hexylresorcinol in sea water. At the 
start the cell had a negative* p.d. of 6 mv. After a latent period of about 
15 seconds the curve fell, indicating a change of p.d. in a positive direction 
amounting to 34 mv. After this the curve rose gradually almost to the 
original level. The course of the curve is like that seen under the influ- 
ence of guaiacol* and may be due to similar causes. 

The curve in Fig. 1 represents fairly well the .average behavior but great 
variation is possible. With curves showing a sharp drop,* as in Fig. 1, 
the latent period may vary from 3 to 40 seconds and the p.d. may become 
positive to the extent of from 17 to 50 mv. (the average value was 28 mv.). 
Recovery requires from 35 to 100 seconds. 

If the rise of the curve, showing a loss of positive p.d., were due to injury 
we should expect the final p.d. to be zero. This was not the case. The 
curve as a rule flattened out at a positive value of the p.d. and showed no 
sign of going to zero. As a rule it failed to rise to the starting point. In 
most cases the cells appeared normal on subsequent days and behaved nor- 

* Osterhout, W. J. V., /. Gen. Physiol., 1939-40, 23, 569. 

*The experiments were made on Valonia macrophysa, Kiitz., using the technique 
described in former papers (Osterhout, W. J. V., J. Gen. Physiol., 1936-37, 20, 13; 
regarding the amplifier sec Hill, S. E., and Osterhout, W. J. V., J. Gen. Physiol., 1937-38, 
21, 541). 

The temperature varied from 20 to 25®C. 

There was no sign of injury unless otherwise stated. 

Grateful acknowledgment is made to the firm of Sharp and Dohme of Glenolden, 
Pa. for their generous gift of hexylresorcinol. 

* The P.D. is negative when the positive current tends to flow from the sea water 
across the protoplasm to the sap. The p.d. is usually negative by 5 to 10 mv. 

* Osterhout, W. J. V., J. Gen. Physiol., 1936-37, 20, 13. 

* With some ceib the curve fell very gradually and the p.d. did not become more than 
12 mv. positive. In such cases there was little or no recovery. 
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mally when subjected to experimental treatment. One does not therefore 
get the impression that the rise of the curve was due to injury in the usual 
sense of the word. 

For convenience we may speak of the rise of the curve as “recovery” 
with the understanding that complete “recovery” does not mean that the 
cell returns to its original state. That it does not is shown by tests which 
will now be described. 

a. The Potassium Effect . — In normal cells transferred from sea water to 
“0.3 M K sea water” the p.d. became more negative by 10 to 31 mv.* But 


Neg. 

Zero ■ 
Pod. 


Fig. 1. At the start the cell in sea water showed a negative p.d. of 6 mv. When the 
cell was removed from sea water the curve jumped to F, recording the free grid of the 
amplifier. When transferred to sea water 4- 0.0006 m hcxylresorcinol there was a latent 
period of about 15 seconds after which the curve fell (the p.d. becoming positive) and 
then rose: the rise is called “recovery” for convenience but this does not mean that the 
cell is returning to its original condition. 

Time marks 15 seconds apart. 

Temperature 25®C. 

in the presence of 0.0006 m to 0.003 m hcxylresorcinol this potassium effect 
largely disappeared. A similar result was obtained with guaiacol.^ 

The 0.3 M K sea water was made by mixing equal parts of sea water and 0.6 m KCl 
(the consequent dilution of Na+, Mg'*''*', and Ca’*"*' is considered of no importance, espe- 
cially in such short experiments). 

The cells were exposed to 0.3 m K sea water for 5 minutes or less and then returned 
to sea water. After standing from 3 to 24 hours in sea water they were transferred to 
sea water + hexylresorcinol and left for several minutes. They were then placed in 
0.3 M K^sea water -f hexylresorcinol in order to measure the potassium effect. 

b. The Dilution Effect , — When normal cells were transferred from sea 
water to sea water plus an equal volume of 1.1 m glycerol (containing 0.02 
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® C/. Damon, E. B., /. Gen, Physiol,^ 1937-38, 21, 383. 


W. J. V. OSIEBHOUT 


313 


1C CaCli + 0.012 H KCl) the change of p.d. was about 5 mv. in a negative 
direction.* We may regard this as indicating that the mobility of Na+ 
is less than that of Cl (vq). 

When a similar experiment is made with s^ water containing 0.0006 
M to 0.003 M hei^lresorcinol there is no change of p.]>. or a small change in a 
positive direction. We may regard this as indicating that the order 
Vci > been changed to = Vd or to ifN. > Vq. A similar result 

is obtained with guaiacol.* 

In view of the chemical resemblance of guaiacol (CtHi(OH)OCHt) to 
hei^lresorcinol (C6H|(OH)i C(Hu) it is not surprising that their effects 
are similar. But he^lresorcinol is as effective at 0.0006 ii to 0.003 ic as 
guaiacol at 0.01 ic to 0.03 ic. It may be noted that the former is much more 
surface-active. 

It is most interesting to find that both substances can influence the 
behavior of inorganic ions so markedly. This is presmnably due to their 
effects on mobilities and on partition coefficients. This opens up an 
interesting field of research which can be profitably pursued by the use of 
models. A beginning has already been made in this direction.^ 

SUMUASY 

The effects on Vaionia of guaiacol and hei^lresorcinol are similar but 
the latter is more effective. 

Both substances lower or abolish the potassium effect; i.e., the ability 
of the cell to distinguish electrically between Na'*' and K'*'. 

Both substances change the order of mobilities so that Vci > becomes 

**N» > *0 or ®ci* 

^ Osterhout, W. J. V., Some models of protoplasmic surfaces, in Cold Spring Harbor 
symposia on quantitative biology, Cold Spring Harbor, Long Island Biological Asso- 
ciation, 1940, 8, 51. 




AN X-RAY AND CRYSTALLOGRAPHIC STUDY OF 
RIBONUCLEASE 

By I. FANKUCHEN* 

(From the Department ef Physics, Massachusdts Institute of Tecknoiogy, Cambridge) 
(Received for publication, S^tember 24, 1940) 

A new crystalline protein of low molecular weight, ribonudease, baa been 
isolated and described by Kunitz (1, 2). A preliminary study of this pro- 
tein has now been made with x-rays and with the polarizing microscope. 

The material studied was crystallized from an ethanol-water solution. 
The crystals were dried in air without appreciable deterioration and the 
measurements here described were made with these air-dried crystals. 
They are long, thin needles, orthorhombic, elongated along the *‘c" axis. 
The prism faces are (110) and (1 iO) and include an angle of 70®. The other 
two axes bisect the angles of the cross section, “a” bisecting the obtuse 
angle and ‘*b” the acute. The extinction as observed in the polarizing 
microscope is, of course, straight; a is along a, along b, and y along c. 
The crystal is positive and the optic axial angle is about 65° measured in 
air and 74® in glycerine. 

X-ray oscillation films were taken about all three crystallographic axes. 
These give the following values for the unit cell; a » 36.6 A, b = 40.5A, and 
c = 52.3 A. The space group appears to be P2,2,2„ 4 molecules per unit 
cell, each molecule without syrrunetry in a general position. The density 
of the air-dried crystals was measured to be 1.341 ± 0.002, by floating them 
in a mixture of methylene chloride and carbon tetrachloride. The molec- 
ular weight has been computed from these data assuming 4 molecules per 
unit cell. The cell volume is 77,300 A* and this gives a molecular weight 
of 15,700 ± 300. This value is an upper limit as no correction has been 
made for solvent of crystallization.^ 

* National Research Fellow in Protein Chemistry. 

‘ Dr. A. Rothen (3) has found the spedfic volume of ribonudease to be 0.709. The 
dendty of the air-dri^ crystals corteH>onds to a value of 0.746. He suggests that this 
difference may be due mainly to hydration and a oQnq>utation based on this difference 
gives a value for the hydration of 12.7 per cent. An estimate of the molecular wei^t 
of the anhydrous protein can then be obtained by reducing the x-ray value of 15,700 by 
12.7 per cent. This gives 13,700 which may be compared with the molecular wd^ta 
rqwrted from and diffusion, 13,000, and from osmotic pressure measute- 
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These air-dried crystals are unusually perfect and give sharp diffraction 
spots down to 2 A, whereas no other dried protein crystal has thus far 
given reflections below; 5 A (chymotrypsin). This, in conjunction with the 
low molecular weight, suggests that a study of x-ray intensities, similar to 
that of Crowfoot on insulin (4, 5), may give useful information about the 
internal structure of the ribonudease molecule. A 'preliminary investiga- 
tion of this character is now in progress. 
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ments, 15,000. Computations of this kind depend on comparatively small differences 
of spedfic volume and can be accepted only with reserve. They are certainly less 
satisfactory than direct determinations of the hydration of the crystab, but lacking 
such determinations do serve to give an estimate of the hydration. 



THE FLICKER RESPONSE CONTOUR FOR PHRYNOSOMA 
(HORNED LIZARD; CONE RETINA) 

By W. J. CROZmR amd ERNST WOLF 
{From the BMogieal Laboratories, Harvard University, Cambridge) 

(Received for publication, August 26, 1940) 

I 

The lizard Phrynosoma was found by Loeb (1907, 1918) to exhibit in a 
particularly clear way the effects of moving visual images upon forced 
compensatory reactions; head nystagmus of visual origin is easily demon- 
strated when a white paper cylinder with black vertical stripes is rotated 
about the animal, under ordinary daylight illumination. “Optokinetic” 
reactions of this type are readily obtained with other saurians also (Loeb, 
1891; Trendelenburg and Kuhn, 1908; Schlieper, 1927; Ohm, 1931; Ehren- 
hardt, 1937; Crozier and Wolf, 1938-39). A particular interest of these 
reactions of diurnal lizards such as Phrynosoma is due to the fact that the 
retina (Detwiler and Laurens, 1920; Keeler, 1930) contains sensory elements 
held to be of only one general histological type, namely single cones (Garten, 
1907; Rochon-Duvigneaud, 1917; Menner, 1929; Walls, 1934; Verrier, 
1935), which seems to be true, however, of the nocturnal form Hdoderma 
as well (Walls, 1934). With this sensorially simplex constitution of the 
retina of Phrynosoma the data on its electrical responses to photic stimula- 
tion are not inconsistent (Meservey and Chaffee, 1927; Chaffee and Sut- 
cliffe, 1930). Although no rods are present, the pronounced fovea contains 
attenuated cones which lack the oil droplet characteristically occurring in 
the extra-foveal cones (Detwiler and Laurens, 1920). A large, conical, 
deeply pigmented pecten is present in the Phrynosoma eye; it has been 
suggested recently (Menner, 1938) that this structure in the bird’s eye may 
play a part in increasing the excitatory effect of moving images, but we 
find in the responses to fiicker no evidence as to this, even at low flash fre- 
quencies (equal light and dark times), in the case of Phrynosoma as well as 
with birds we have recently studied; when the ratio is changed, such 
evidence is obtained (Crozier and Wolf, 1940-416). 

The expectation for animals with retinal receptor elements of single type is 
that the flicker response contour should be a simplex symmetrical prob- 
ability int^ral (F -- log /; Crozier, Wolf, and Zerrahn-Wolf> 1938 a, 
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1938-39 b), althouj^ the activity of the iris may introduce a complication 
in some cases (^. Ciozier and Wolf, 1938-39 b). Employing the striped 
cylinder technic and the procedures previously described (Wolf and Zer- 
rahn-Wolf, 1935-36; Crozier, 1935-36; Crozier, Wolf, and Zerrahn-Wolf, 
1936-37 a; Crozier and Wolf, 1939-40 b), it has been found that several 
vertebrates with simplex (rod or cone) constitution of the retina provide 
simplex performance contours relating flash frequency to flash illumination 
critical for forced head nystagmus; whereas the corresponding contours for 
vertebrates having both rods and cones are characteristically duplex (Cro- 
zier, Wolf, and Zerrahn-Wolf, 1938 a; Crozier and Wolf, 1938 a, 1939). 
It is desirable to extend the factual basis for certain considerations arising 
in connection with these facts. A significant general theory of visual 
duplexity in vertebrates requires, among other things, that something more 
be known about homologous performance contours of animals having only 
rods and of t}q)es having only cones. The behavior of Pkrynosoma pro- 
vides data significant for this end. The important points have to do with 
(1) the analytical shape of the performance contour, and (2) the magni- 
tudes of its parameters in comparison with those of other “cone” visual 
performance curves. 


n 

Pkrynosoma comuhm was used in these e]q>enment8. A considerable stock was 
obtained from a commercial supply company. The individuals used were 10 to 15 cm. 
in total length. They were kept in a large cage with western exposure, and fed on 
o^tured flesh-flies and on Drosophila from cultures. During daylight hours they were 
quite active. For the observations each selected individual was put in a tbin-waUed 
crystalliring dish covered by a watch glass; the cover was so fastened as to be firmly 
clamped on, but with space around the edge to provide for circulation of air. When 
surrounded by the rotating striped cylinder with sufiBdently intense trans-illumination, 
a slow movement of the head (“railroad” nystagmus) in the direction of rotation is 
periodically interrupted by swift returns of the head to the initial position in line with 
the axis of the body. In this reaction the front legs are extended and the body is elevated 
and gradually swung in the direction of the motion of the stripes. In some cases locomo- 
tion in the stripe-movemoit direction is obsorved. 

The initiation of head nystagmus as the flash intensity is increased with P constant 
provides the index of threshold response to (“recognition” of) the light-dark cycle. 
In these observations the li|^t and the (q>aque spaces cm the cylinder were equal (i,e,, 
Ii/Id ■■ !)• For quantitative observations preliminary dark adaptathm is essential; 
but'in darkness Pkrynosoma quickly becomes inactive, the ^es are closed, and the 
general cmdition approximates that of tonic immobility. After the period of dark 
adiqptation it was consequently deriraUe to tilt the container in order to cause the amWI 
to “awaken” and open the eyes as a consequence of the righting reflexes. Prdiminary 
tapping of the ^ass container also h^». Very often tiiese animate dose the eyes 
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munediately aftet haviitg responded once as result of increasing the light intensity to the 
critical levd, and then pass mto a kind of general rigidity. This is in marked contrast 
to the persistence of head nystagmus within a rotated striped cylinder in an ordinarily 
illuminated room. In the dark room, within the trans-illuminated cylinder, it was 
usually difficult to secure even three successive critical responses without arousing the 
lizard from unmobility. Prolongation of the period of dark adaptation increased these 
difficulties. Under such conditions the determinations of critical flash intensity are 
bound to be more erratic, and the values of P.E.i/, more irregular, than>with the other 
animals we have thus far used. In general (^. Table I) the variation index for h is of 
the order of 5 per cent of /•,, but it is irregular; to the reasons for this already mentioned 
it is to be added that not the same ten individuals were used throughout the experiment. 
The measurements are therefore comparatively deficient in the matter of homogeneity. 

In other sets of observations injections of adrenalin, strychnine, and picrotoxin were 
a dmini stered to groups of individuals, chiefly to test possible improvement of responsive- 
ness. No conditions were found, however, which served to prevent the effect of con- 
tinued darkness or dim illumination in producing the gradual stupor and immobilization. 

in 

The observations secured with Pkrynosotna are summarized in Table I. 
They are given as log mean critical intensities (millilamberts), with the 
P.E.’s of the dispersals of the individual ten means of three observations 
on each of ten individuals. The temperature was 27.S® zt 0.3®. As shown 
in Fig. 1, the data of Table I are well described by a normal probability 
integral in log /«. The maximum to which the probability grid in Fig. 1 
is computed is F-.. = 42.4 flashes per second. It is notable that there is 
no “iris effect” such as previously found with the gecko (Crozier and Wolf, 

1938- 39 6). 

Among the response contours with which that for Phrynosoma may be 
compared the closest parallel is that given by the “cone” segment for fishes 
of the Platypoedlius group (data in Crozier, Wolf, and Zerrahn-Wolf, 
1937, 1937-38 a, 1938 6;. Crozier and Wolf, 1938 a, b, 1938 39 a, 1939, 

1939- 40 o). Fig. 2 exhibits the general similarity of these curves. With 
the measured contours for other vertebrates greater differences are ap- 
parent. The cone curve for Rana (Crozier and Wolf, 1939—40 b), and the 
simplex curve for the turtle Pseudemys (cone retina; Crozier, Wolf, and 
Zerrahn-Wolf, 1938-39 a) are also traced in Fig. 2, as well as the simplex 
curve for the gecko Sphaerodactylus (rod retina; Crozier and Wolf, 1938 b). 
It is apparent that greater differences are found in the shape constants and 
inflATfinn levels of the cone curves for different animals than between 'the 
“rod” and cone curves of turtle and gecko. In the fishes we have studied 
the cone segments range in form (steepness) between that for Platypoedlius 
(Fig. 2) and that for Fundulus (Crozier and Wolf, 1939-40 e) which has a 
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slope very dose to that for the turtle Pseudemys. On the other hand the 
forms of the cone curves for the frog and for the newt Triturus (Crozier and 
Wolf, 1939-40 d) are very dosely alike. 

In making these comparisons we are disregarding differences of tempera- 
ture involved in the several cases. This is chiefly because our major in- 
terest is with the form and the mazimiun F for 'the different curves. We 
have abundant evidence that the shape constants {v'lat i) and the values of 
Fmx. are not dependent on the temperature (Crozier, Wolf, and Zerrahn- 
Wolf, 1936-37 b, 1938-39 o; Crozier and Wolf, 1939, 1939-40 o, c). The 

TABLE I 

Mean critical intenaties, as log Im (millilainberts), for response to visual flicker by 
the homed lizard Pkrynosoma at 27.5° ± 0.3°, with to; 30 observations (three on 
each of ten individuals) at each flash frequency F/sec.; P.E.i is the P.E. of the dispersions 
of the individual means. 


F 

lo,/. 


2 

i.84M 

2.3320 

5 


2.0917 

10 

i.ttie 

I.6S32 


i.WM 

2.3687 

15 

0.2848 

2.7950 

20 

0.4S83 

2.9070 


0.8464 

1.9848 

25 

0,6460 

1.1038 

30 

0.8668 

1.7700 


0.7808 

1.3911 

35 

1.U86 

1.7999 

38 

1.8780 

1.9785 

42 

8.0880 

0.1204 


data basic to Figs. 2 and 3 were obtained at two main temperatures: for 
gecko and for Pkrynosoma f = 27.5; for the others, excepting man (37.5°), 
the temperature is 21.5°. We do not know the specific temperature char- 
acteristics for the shift of the abscissa of inflection, except for Pseudemys 
(Crozier, Wolf, and Zerrahn-Wolf, 1938-39 o, Crozier and Wolf, 1939-40 c) 
and Platypoecilius (Crozier and Wolf, 1939-40 a). We do, however, know 
that in all seven cases examined elevation of temperature moves the F — 
log«/ curve toward lower intensities, without changing its shape. Con- 
sequently the unusiudly high value of the abscissa of inflection in the 
Pkrynosoma {t' >■ 0.42; tf. Fig. 3) is not due to the high temperature pre- 
vai&g during the observations. Chaffee and Sutcliffe (1930) noted that 
for the electrical re^hses of the Pkrynosoma retina the intensity thresholds 
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were much higher than for the frog eye. The (cone) curve for certain birds 
(42.3°) we are now engaged in studying is not so steep as that for Phry- 
nosotna and its t' is very much lower (t' =» ca. 3.70). 



Fig. 1. Flash frequency F and log mean critical flash intenaty for reaction of 
Phrynosoma to flicker; light time - O.S/F; temperature - 27 5®; F given as percentage 
of F»m. ~ 42.4/sec. on the ordinate of a normal probability grid. 


The maximum value of F to which response is obtainable is a function of 
retinal area (jcf. Crosier, Wolf, and Zerrahn-Wolf, 1937-38 c), in a given 
animal. To what extent this is true in comparing different animals is of 




fig. 3. The curves of Pig. 2, and the cone curve for a hunum subject, transferred to 
a probability grid (Fbb. ■■ 100 in each case), to facilitate certain comparisons; see text. 


course another matter. But we also know that F-.. , is a function of the 
l^t time fraction in the flash cycle (cf. Crozier, Wolf, and Zerrahn-Wolf, 
1937-38 d; Crozier and Wolf, 1939-40 c; 1940-41 a) and that the factors 
of direct rectilinear proportionality connecting F,aaa: and r' with the per- 
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cratage da* time are functions of the particular animal. Since we like- 
wiM know that the shape constant (ir'io, /) for the (cone) response contour 
is independwt of the flash qrde light time ratio, the proper basis for the 
intercomparison of the forms of the various contours is found in their 

representation on a probability integral grid in which for each case F = 

100 per cent. This is given in Fig. 3 from the data on various vertebrates 
already represented in Fig. 2, and in additional data on man (c/. Crozier, 
Wolf, and Zerrahn-Wolf, 1937-38 b). The respective values of F„^ (for 
ft “ ^x>) s-f®* Man, 56.7; Pseudemys, 52.6; Platypoecilius, 46.1; Phryuo- 
sotmif 42.4; Rana, 40.5; Sphaerodactylms, 26.8. It is apparent from a 
consideration of these and other similar data that there is no formal associa- 
tion among the values of the three parameters of the probability integral 
which eflBiciently describes these data. This conclusion is reinforced by the 
examination of comparable data provided by various arthropods (^. Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39 6). There is thus given one part of the 
proof that three independent parameters are necessary and sufi&cient for the 
description of the flicker response contour, — such as are provided by the 
three constants of the probability integral, namely the asymptotic maxi- 
mum Fn«z.; the abscissa of inflection r'; and the standard deviation of the 
first derivative of the curve, <rio, /. The complementary portion of the 
proof is obtained from the results of independently modifying each of these 
parameters through the experimental control of retinal area, body tempera- 
ture, and the light time ratio in the flash cycle (c/. Crozier and Wolf, 
1939-40 c). 

The data on Phrynosotna reinforce considerations respecting the general 
doctrine of visual duplexity in vertebrates which we have elsewhere men- 
tioned (Crozier, Wolf, and Zerrahn-Wolf, 1938 a; Crozier and Wolf, 1938 a, 
1938-39 5, 1939). Purely cone flicker threshold curves of a turtle, the 
homed toad, and a bird (zebra finch) considered in a succeeding paper, are 
found to differ more in essential respects than do the (purely rod) curve of 
Sphaerodactylus and the (cone) curve of Pseudemys. We are well aware 
that in entering upon such comparisons it must not be lost sight of that 
the index responses of each animal used are necessarily peculiar to itself. 
But under the conditions of these tests the end-points are at least congruous 
in the sense that they are threshold motor responses. As such they prob- 
ably have as much essentially in common, among different animals, as do 
the rod and cone end-points in a given animal with visual duplexity— for 
example, in man. In any case, therefore, the correlation of histological 
receptor types with visual discriminative capacity in the matter of flicker 
cannot be mnda on the basis of the quantitative properties of the rkponse 
contours alone. 
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IV 

SmOCAXY 

The lizard Phrynosoma, with purely cone retina, provides a simplex 
flicker response contour (log critical flash intensity as a function of fladi 
frequency). It is well described as a nonnal probability integral (F — 
log I). 

The Phrynosoma curve differs markedly, in higher slope and in higher 
median intensity level, from that obtained under the same conditions for 
the turtle Pseudmys, also with entirely cone retina. Other comparisons 
having a bearing on the duplexity doctrine are discussed. 
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When a solution of pepsinogen is acidified to pH 1. 0-5.0, one or more 
reactions take place producing pepsin and certain polypeptides. It was 
previously noted by the writer that one of these polypeptides has a power- 
ful inhibiting action on pepsin at pH 5.0-6.0 (1). The present paper de- 
scribes the isolation, crystallization, and properties of this inhibitor of 
pepsin. 

The decrease in milk clotting activity at pH 5.7 of a standard pepsin 
solution is used as a measure of inhibitor activity. 

Preparation of the inhibitor consists of activation of the pepsinogen at 
pH 1.0 -2.0 for a very short time followed by rapid alkali inactivation of 
the pepsin. Precipitation of the denatured pepsin is brought about with 
trichloracetic acid. The inhibitor remains dissolved in the trichloracetic 
acid filtrate. The total nitrogen in the trichloracetic acid filtrate is about 
15 per cent of the original pepsinogen nitrogen; half of this non-protein 
nitrogen is inhibitor nitrogen. Separation of the inhibitor from the inert 
polypeptides has been accomplished by repeated fractional precipitation first 
with tungstic acid at pH 1.0 2.0 and second by magnesium sulfate in the 
presence of trichloracetate ion at about pH 3.0. When fractionation has 
brought the specific inhibiting activity, i.e. the inhibiting activity per milli- 
gram nitrogen [I.U.]„,g.N to above 60 per cent of the value of the pure 
inhibitor, the preparation may be crystallized. Half saturated ammonium 
sulfate, pH 5.0, room temperature, and 3.0-5.0 mg. of inhibitor nitrogen 
per ml. are the conditions required for crystallization. The material first 
precipitates as clear spheroids which on standing form rosettes of fine 
needles, as may be seen in Fig. 1. 

Fractional recrystallization and solubility experiments indicate the pres- 
ence of not more than 20-25 per cent impurity in the material of highest 
specific activity. 

The inhibitor is destroyed by pepsin between pH 2.0-5.0, with a rate 
maximum near pH 4.0. 


32S 
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The reversible combination of pepsin with the inhibitor follows quantita- 
tively the simple mass law equation arranged for a similar reaction by 
Northrop (2). 



Fig. 1. Crystalline inhibitor of pep>sin 

The proteolytic action of pepsin as well as the milk clotting action is 
inhibited at pH 5.7. Dissociation of the pepsin inhibitor complex prevents 
tests at a more acid pH. There was no demonstrable effect of the inhibitor 
on crystalline trypsin as measured by the digestion of hemoglobin at pH 
7.0-8.0, nor the milk clotting action of crystalline chymotrypsin or com- 
mercial rennet at pH 5.7. The crystalline trypsin inhibitor (3) had no effect 
on the milk clotting action of pepsin. This indicates a high degree of 
specificity among the inhibitors and is additional proof that the enzyme, 
rennet, is different from pepsin. An interesting result was obtained when 



ROGER M. HERRIOTT 


327 

pq>sm from different species was tested with swine pepsin inhibitor. Bo> 
vine pepsin was inhibited to the same degree as swine pepsin but chicken 
pepsin was not inhibited at all': On the other hand, crude inhi bitor solution 
prepared from diicken pepsinogen inhibited both swine and bovine pepsin 
but had no effect on the diicken pepsin. 

Certain chemical and physical properties have been determined, suchas 
the isoelectric point, optical rotation, elementary analysis, amipo nitrogen, 
and rate of diffusion. A few amino acids making up the inhi bitor have been 
roughly estimated as well as the number of peptide linkages. The indica- 
tions are that the inhibitor has basic groups exposed since it is precipitated 
by many reagents used to precipitate basic substances, namely, tungstic, 
phosphotungstic, flavianic, picric, and picrolonic acids. The main basic 
amino add is probably arginine. The molecular weight, as determined 
by diffusion and the tyrosine content and combining equivalence with 
pepsin lies somewhere between 4,000 and 10,000. 

EXPERIMENTAL RESULTS 

Preparation of Crystalline Inhibitor 

Preparatum of Crude Inhibitor Solution from Pepsinogen.— PyaMiei. swine pepsinogen 
as previously deKsribed (1) was first dialyzed; adjusted to 2 mg. P.N./ml. and titrated 
to pH 2.0, temperature « 20-25”C. for 1 minute, then brought to pH 11.0-12.0 with 5 
N sodium hydroxide where it was allowed to remain for 5 minutes. Acidification to pH 
2.0 was then brought about by the addition of 3.0 normal trichloracetic add. These 
reagents were all added in fairly concentrated form to prevent too great a dilution and 
the amount required determined on an aliquot so that all solutions could be mixed 
rapidly. After standing about 20 minutes the predpitate was filtered off with suction 
and washed with 2.5 per cent trichloracetic add. The filtrate and washings containing 
the inhibitor were combined and, as may be seen, solution No. 2 of Table I (anal)rsis 
an actual preparation) contains about 0.11 mg. inhibitor units fl.U.lmi and 0.3 mg. total 
nitrogen per ml. Thus the specific fl.U.lmy k is 0.3. From this it folk>ws that one 
gets about 0.06 [I.U.] per milligram of original pepsinogen nitrogen. 

Fractionation Procedures 

Tungstic Add.— The inhibitor is predpitated from the trichloracetic add filtrate as 
follows: 02 ml. of 5 per cent sodium tungstate (0.16 h) is added for every 100 ml. of 
the predpitate centrifuged or filtered, and discarded. To the supernatant is 
5 ml. of 5 per cent sodium tungstate per 100 ml. supernatant. This residue con- 
taining about 75 per cent ot the activity is dissolved by titrating slowly until pink to 
The tungstate is predpiteted by additkm <A an excess of barium 
chloride and the tungstate centrifuged off followed by removal of excess barium ion by 
with dilute sulfuric add and addition of sodium sulfate until no furtha 
predpitate of barium sulfate appears. 

Magnesium Sulfate-TridUoracetate Ion.—Mttx filtering off the barium sulfkte and 



TABUS I 

FrtparaiioH Peptm Itihibitor 


Pfocadum ind nuiteilala 


Dialyied imhly prepared pqMnnogen 

Solution No. 1 + 1 liter water + 80 ml. n/ 1 
hydrochloric add for 1 min, at 25^C. then 
+ 150 ml. k/ 1 sodium h 3 rdroaide, pH -■ 11; 
allowed to stand 3 min. followed by 50 ml. 
3 N tiidibiacetic add, pH — 2; left 20 min., 
filtered and residue wadied with 300 ml. 2.5 
per cent trichloracetic add. Residue dis- 
carded. Filtrate and washings 

No. 2 + 5 mL of 5 per cent sodium tungstate 
solution, stirred + 5 gm. Filter-Cel, filtered 
and to the filtrate was added 150 mL 5 per 
cent sodium tungstate, filtered with the aid 

of 10 gm. of Filter-Cd. Predpitate 

Filtrate 

No. 3P + 500 ml. water + 40 ml. w/1 sodium 
hydroxide to pH 9 (pink to phenolphthalein) 
then + 75 ml. m/1 barium chloride, let stand 
10 min., filtered and washed predpitate 
twice with water. Filtrate + 75 ml. m/1 
sodium sulfate + 0.5 N sulfuric add to pH 

3J; filtered. FUtrate 

No. 4 + 1450 ml. of the magnesium-tridilor- 
aoetate solution (2750 mL saturated mag- 
nesium sulfate + 200 mL 3 N tridiloracetic 
add + 30 mL 18 m sodium hydroxide) let 
stand 48 hrs. and filtered with the aid of 15 

gm. Hyflo Super-Cd Predpitate 

Filtrate 

Inhibitor dissolved out and separated horn the 

Super-Cd Solution 

No. 6 diluted to 1800 ml. with water then + 6 
ml. 5 N hydrochloric add to pH 2.0 followed 
by 90 mL 5 per cent sodium tungstate with 
stirring. Filtered. Residue dissolved in 
water + m/1 sodium hydroxide until solu- 
tion is pH 9.0; then + 20 ml. m/1 barium 
chloride, centrifuged and residue wadied once 
with 10 ml. water. To the combined filtrate 
and washings 20 ml. m/1 sodium sulfate and 
sulfuric add to pH 3.0 was added followed by 
filtrat^. ^ Residue washed on funneL 

Filtrate 

No. 7 + 200 mL of the magncsium-trkhlorace- 
tate solution (1.5 voL) + 1 gm. of Hyflo 

Super-Cd, filtmed Filtrate 

Ptedpltate. . .. 


No. 


ILU-hd. 

1 

mi. or 
gm. 

1032 


2 

2665 

0.11 

3P 

3F 

2800 

0.0032 

4 

725 

0.3 

5P 

5F 

2200 

0.015 

6 

158 

1.15 

7 

134 


8F 

8P 

330 

0.082 


Total 

[I.U.] 

N/ml. 

CLU.1/N 


mg. 

5.2 


290 

0.33 

0.3 

9 

1 

1 

0.075 

0.043 

220 

0.74 

0.4 

33 

0.087 

0.17 

182 

1 

2.0 

0.57 

27 

0.22 

0.37 
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TABLE I — ConcMei 


PiooedtnM tad mAterialt 


No. 




«l. if 


(I.UJ.L 


Totol 

CI.U.1 


N/ml. 


ILU.1/N 


8P + water, filtered and residue wadied 

No. 9 diluted to 240 mL with water then + 5 
ml. 5 N hydrochloric add to pH 2.0 and + 50 
ml 5 per cent sodium tungstate; centrifuged. 
Residue + 15 mL 0.5 n sodium hydroxide + 
1.5 mL 5 N sodium hydroxide to pH 9.0 then 
+ 10 mL k/ 1 barium diloride let stand 0.5 


9 


115 


1.13 


130 


1.8 


0.63 


hr., centrifuged and residue washed with 5 
mL water. Washings + supernatant + 6 
ml. h/1 sodium sulfate + 0.5 n sulfuric add 
to pH 5.0, cooled to 5^C., centrifuged. 


supernatant 

No. 10 + 1.25 ml. 4 M pH 5.0 acetate + 16 gm. 
solid ammonium sulfate to 0.5 saturation, 
stirred at 25^C., solution dear for at least 
0.5 hr. Left 20 hrs. at room temperature. 
Good crystals formed. Aliquot centrifuged. 

Supernatant. . . 

Crystal predpitate dissolved 

InMbitor in mother liquor No. 11 separated 
from ammonium sulfate by predpitation 
with an excess of sodium tungstate at pH 2.0 
followed by removal of tungstate ion from 
residue by solution at pH 9.0 then addition 
of barium chloride and after filtration of 


10 


11 

12 


52 


1.95 


100 


3.6 


0.54 


bariiun tungstate, excess barium was re- 
moved from the filtrate by addition of excess 

sodium sulfate Solution 

A similar treatment was used to separate the 
inhibitor from the ammonium sulfate in the 
solution of the crystals. No. 12 


13 


0.05 


14 


0.5 


0.24 0.2 

0.66 0.76 


unaly a-in g for inhibitor activity and nitrogen the inhibitor is next predpiUted by the 
fl dd i tio" of 2 volumes (or if the inhibitor solution contains over 1 mg. nitrogen per ml. 
1.5 volumes) of a reagent made up of 200 ml. 3.0 n trichloracetic add + 30 mL 18 H 
Bo d iu” hydroxide + 2750 mL saturated magnesium sulfate. The residue is retained 
and the filtrate discarded. The residue dissolves readily in water. 

These fiw<^i' An.»inn procedures were applied alternately. After eadi fractioiiatum 
Btfp both residue and filtrate were analysed for inhibitor activity and total nltrogra 
before either. Fractionation was continued by these two procedures unlit 

the activity nitrogen ratio was 0.6 or better. 

Crystallization 

The treatment prior to crystallixation was a tungstate treatment leaving 

the sdution practicaUy salt ficee. The sdnthm, having annoxfanatdy 5 mg. 











attmcib per oiL irat dM thsMed M pB SjO «fth MKnm aeetftte or aoetk «dd and wUd 
ammnniain aniftta added with care until the ooncentiation was 0.5 saturated. This 
requires 31.5 gm. per 100 mL solntkm. The solution should be dear after dissolving 
the ammonium sulfate but after a few minutes a predpitate aiq>esis composed of micto- 
so(q>ic qthetoids and on standing 12-24 hours the q>heroids change to rosettes of tiny 
needles (Fig. 1). RecrystaUisathm may be carried out by solution of the crystals in a 
small volume of u/lO pH 5.0 acetate followed by addition of an equal volume of satu- 
rated ammonium sulfate solution at room temperature. 

Tests of Parity 

Fractional ReaystalUsaUon . — ^An inhibitor preparation was fractionally 
recrystallized to see if there was any drift in properties indicating the pres- 
ence of impurities. The results in Table II show no gross separation or 
drift indicating an inhibitor of higher activity. The differences are of the 
same order as the error of the experimental methods. 

TAB1£ n 


Fractional ReerystalUMotion ef Inhibitor 


Fnctkm 

OrigiBal material 

Specific activity 
ILU.Imf.N 

Flint ciyital 

pmemu 

100 

0.83 

Second cz 3 nital 

33 

0.95 

Mother liquor of second ctystallisation 

16 

0.95 

Third ciyBtal cake 

13 

0.95 

Uquor of third ciyBta]lisa.tiaii 

20 

0.75 



SeMnlity Curve . — ^The solubility curve shown in Fig. 2 indicates that the 
preparation having a specific inhibitory value of 0.9 probably contains not 
more than 25 per cent impurity. 

Experimental Procedure 

Fig. 2 represents the sohibility of the amorphous form of the inhibitor at 23'*C. ap- 
proadied from the supersaturated side of the equilibrium. The technique was for the 
most part mwiiIht to that described elsewhere (4). The solvent used in this experiment 
is composed of two solutions, first the dissolving solution, ii/50 pH 4.0 acetate buffer, 
and the pre^itating solution made up in the following way: to 2750 ml. of saturated 
sttlfitte, q>ecific gravity 1.296, is added 200 ml. of 3.0 n trichloracetic add 
and 3%ml! 18 n so^um hydroxide. The complete solvent is made up of 45 parts of the 
dissolving acetate and 55 parts of the precipitating magnesium sulfote-trichloracetate. 

Inactivation cf Inhibitor by Pepsin 

It wag aoon found that whereas pepsin free inhibitor solutions are stable 
for long periods of time at acidities varying from pH l.(H10.0 in the presence 
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oi pqpain the inhibitor it i^idly inactivated with a pH near 

pH 3 » 5 » as may be seen in Fig. 3. There is an increase in nitrogen, 

as measured by Van Slyke’s gasometric method, amounting to aj^roai- 
mately 8 per cent of the total nitrogen or about 5 amino groups per molecule 
if we assume a likely molecular weight of 5,000 for the inhibitor. 



Fig. 2. Amorphous solubility curve of inhibitor in a magnesium sulfate-trichloracetate 
solution at 23^C. 



Fio. 3. pH-inactivation curve of inhibitor in the presence of pepsin 

These experiments are strong evidence that the inactivation of the inhibi- 
tor is in fact a hydrolyas catalyzed by pepsin. In this connection it might 
be pointed out that the pH TnairinniTn at pH 3.S-4.0 shown in Fig. 3 is dose 
to that found by Fruton and Beigmann for the hydrolysis of their synthetic 
substrates by pepsin (5). 
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Experimental Procedure 

To 2 mL of a pepsin solution at iq^nozimately the desired pH containing 250 rennet 
units per mL wme added 2 ml. of a crude inhibitor solution contiuning 250 inhibitor 
units per ml. and 0.5 ml. of h/ 10 acetate buffer of the desiied pH. The temperature 
was 35*C. At certain time intervals samples were taken and diluted 0.1/10 in ii/lO 
pH 5.7 acetate. After standing 30 minutes the milk clotting activity was determined 
and the amount of inhibitor calculated. Curves were plotted and the times for 50 per 
cent destruction were read off the curves. 

For the amino nitrogen anal 3 r 8 es a hi^y purified sample of inhibitor of specific 
activity 1.0 was used. To a solution containing 1.6 mg. inhibitor nitrogen at pH 3.5 
was added a dialyzed pepsin solution to bring the pepsin protein nitrogen to 0.2 mg. per 
ml. Immediately after mizing and again in 60 hours samples were analyzed for in- 
hibitor action and Van Slyke amino nitrogen. 


Application of the Mass Law to the Combination Reaction of 
Pepsin and Inhibitor 

Some evidence has been obtained to indicate that the combination of 
pepsin with the inhibitor is a simple reversible dissociation as illustrated 
in equation I 

PqMin + iiihiUtor;=± inhibitor p^sm confound (I) 

This type reaction should follow the mass law which in its simplest form is 
equation II 


tPqwin] Imhibitorl 
[Pepiin-inhibitor compound] 


constant 


(n) 


where the values within brackets are concentrations. In using the simplest 
form it is assumed that one molecule of pepsin reacts with one molecule of 
inhibitor. 

Equation II cannot be used as such but may be rearranged as was done 
by Northrop (2) so that it will contain terms that are easily measurable. 
The equation used in the present work is the same as that used by Northrop 
with a few minor changes in symbols and is equation III, 

,, - (TO 

where P/ « free pq>8in; P< » total pepsin; It » total inhibitor eiqpressed 
in ^mfeof pepsin units; and K » the constant for the equation. 

In Older to use this equation, the total inhibitor concentration used must 
be constant and the total p^dn concentration varied. The free or un- 
combined pqpain is determined and the combined pepsin obtained by the 
difference between the total and free pep^. It is aim necessary to make 
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certain assumptions which, as nearly as could be tested, are valid namely, 
that the pqisin inhibitor compound has no activity and that on addition of 
the compound into the Klim solution there is no appreciable dissociation due 
to dilution before the Klim is clotted. 

When the amount of total pepsin is plotted against the combined pqisin 
we get a smooth curve, as seen in Fig, 4, which approaches a limiting value 
dqiending on the amount of inhibitor used. Since the above equation 



Fig. 4. Effect of increasing amounts of pepsin and inhibitor on the amount of pepsin 
bound by the inhibitor at pH 5.7. The points are the determined values. The solid 
lines are the theoretical curves calculated from the mass law as indicated in the text. 
The broken lines indicate the course if the reaction were stoichiometric. 

(Ill) caIIs for the inhibitor in terms of pepsin units, this limiting value or 
maTimuTn value of pepsin to combine with the indicated amount of inhibitor 
can be substituted for the inhibitor concentration. In other words, the 
total inhibitor is expressed as that amount of pepsin with which the inhibitor 
will combine when there is a large excess of pepsin. 

In the present instance the pq>sin equivalent value for the inhibitor was 
obtained only from curve I; i.e., 0.00025 mg. inhibitor nitn^en is equivalent 
to 0.4 pepsin rennet units. The pepsin equivalent values for the inhibitor 
in curves II, m, and IV were calculated from curve I. This was^iossible 
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since the amount of inhibitor nitrogen used in these curves was prede- 
termined. 

The solid lines are the calculated curves obtained by calculating back with 
the equation using an average value of the constant K. 

It may be seen in Fig. 4 that the experimental points show a reasonable 
approach to the calculated curves. 

If one takes the figures obtained from the above experiment, namely 
that 0.00025 mg. inhibitor nitrogen is equivalent to 0.4 rennet units of 
pepsin or approximately 0.0012 mg. pepsin nitrogen, one may then calculate 
the molecular weight of the inhibitor. Such a calculation has been per- 
formed and it indicates a molecular weight of about 7,000. 

TABLE m 


Reaction of Inhibitors from Different Species with Different Pepsins 


Source of inhibitor 

En^me 

Subitrate 

pH 

Inhib- 

iting 

action 

Swine pepsinogen 

Swine pepsin 

Klim (mUk clotting action) 

5.7 

+ 

II 

II 

II II 

Denatured pepsm 

5.7 

+ 

II 

II 

II II 

** hemoglobin 

5.7 

+ 

II 

II 

Bovine “ 

Klim (milk clotting action) 

5.7 

+ 

II 

II 

Chicken ** 

II Cl II II 

5.7 

— 

Chicken 

II 

Swine ** 

II II II II 

5.7 

+ 

II 

II 

Bovine " 

11 Cl II II 

5.7 

+ 

II 


Chicken “ 

II Cl Cl II 

5.7 

— 

Bovine trypsin inhibitor 

Swine ** 

II Cl II II 

5.7 

- 

Swine pepsinogen 

Bovine chymotrypsin 

II 1C Cl cc 

5.7 

— 

II 

II 

** rennet 

II II cc cc 

5.7 

— 

II 

II 

“ trypsin 

Denatured hemoglobin 

7.6 

— 


Experimental Procedure 

To a 1 ml. amount of inhibitor solution (the concentration of which is stated in Fig. 4) 
in a series of tubes was added a 1 ml. of pepsin of various concentrations dissolved in 
u/10 pH 5.7 acetate. These solutions were left at 35”C. for 30 minutes after which the 
milk clotting activity was determined in the usual way. The inhibitor had a specific 
inhibiting value per milligram of nitrogen of 0.9 while the pepsin was a 2 times cr 3 rstal- 
lized Cudahy pepsin preparation of [P.U.^ P jj. ■» 0.3 and [P.U. ]S™p m “ 300. 

Gomparisons of Inhibitors from Various Sources on Different Enzymes 

It was of interest to see whether the pepsin inhibitor had any action on 
other proteolytic enzymes than pepsin and to see if other inhibitors affected 
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pepsin. In the experiments, the results of which are summarized in Table 
III, all concentrations of inhibitor were equal to or greater than that used 
in the normal pepsin estimation so that one might easily expect to detect 
any appreciable action of the inhibitor. 

The results show that the high degree of specificity usually associated 
with enzymes also exists among some inhibitors of enzymes. This is shown 
clearly in the fact that rennet from calves’ stomachs is not inhibited whereas 
the milk clotting activity of bovine pepsin is inhibited to exactly the same 
degree as swine pepsin. On the other hand, chicken pepsin is not inhibited 
but the inhibitor prepared from activated chicken pepsinogen inhibits swine 
and bovine pepsin but not the homologous chicken pepsin. 

Chemical and Physical Properties 

Some of the chemical and physical properties of the purified inhibitor 
[I-U-lmg.N = 0.95, have been collected together in Table IV. 

In Table IV B are a few amino acid analyses along with certain other 
analyses and certain values deduced from them. For instance, assuming 
the molecular weight to be 5,000 there are then 57 atoms of nitrogen 
per molecule of inhibitor. In the intact inhibitor there are 8 free amino 
nitrogens while after acid hydrolysis there are 38. It follows therefore that 
there has been an increase of 30 amino groups but 3-4 of this increase of 
amino groups was found to be the amide nitrogen which on acid hydrolysis 
yields ammonia. Therefore there are a possible 26 peptide linkages. There 
must also be some 19 non-amino nitrogen. The arginine content of 31 
per cent represents about 7 - 8 molecules of arginine per inhibitor. Since 3 
of the 4 nitrogens in the arginine molecule arc non-amino all of the non- 
amino nitrogen can be explained by the arginine content. The tyrosine 
content is so low that a fairly exact molecular weight can be obtained. The 
analysis by the Folin phenol test after acid hydrolysis of the inhibitor and 
comparison with a solution of standard tyrosine yields 0.32 per cent which is 
1 tyrosine per molecule of a 4400 molecular weight inhibitor or 2 per mole- 
cule of 8,800 molecular weight. The tryptophane test of May and Rose 
is negative. 

It seems very likely that the inhibitor has a number of strongly basic 
groups exposed for it is precipitated from dilute solution practically quan- 
titatively by tungstic, phosphotungstic, flavianic, picric, and picrolonic 
acids, all of which are supposed to precipitate basic substances. The rela- 
tively high content of arginine would tend to account for this. 
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Experimental Methods 

Pepsin Milk ClaUing Activity Measurement. — ^This measurement was carried out 
exactly as described in the experimental methods of a previous paper (1). The rennet 
unit of pepsin activity is also defined. 

Inkihilar Activity Measurements. — A. Pepsin Control. — 1 ml. of a solution of pepsin 
containing 1.0 rennet units, 1.0 [R.U.] in m/10 pH 5.7 acetate was added to 1 ml. of M/10 

TABLE IV 

Chemical and Physical Properties 


Property 

Method of anelysie 

Per cent of moisture free 
material 

c 


48.07 

H 


8.07 

N 

Dumas 

16.65 

N 

Kjddahl 

16.7 

Ash 


0.5 

r ipH 7 

lain «« 

D gm. 


-104® 

Diffusion constant 

Northrop and Anson 

0.09 cm.Vday 

1. E. P. 

Cataphoresis of collodion particles 

pH 3.7 

Molecular weight 

Diffusion 

8,000 

Molecular weight 

Tyrosine content 

(5,000)n 




Per cent of 
total nitrogen 

No. /molecule* 

Primary amino N 

Van Slyke gasometric 

n 

8-9 

Amide N 

Alkaline distillation after acid hy- 
drolysis 


3 

Non-amino N 

Difference between total N and 
NHaN after acid hydrolysis 

23 

19 

Peptide linkages 

Difference between total NHt-N 
after hydrolysis and original 
NHrN plus amide N 


27 

Aiginme 

Sakaguchi 

31 

8 

Ttyptophane 

May and Rose 

0 


Tyrosine 

Folin phenol 

0.4 

1 1 


* Assuming a molecular weight of 5,000. 


pH 5.7 acetate buffer; left 10 minutes at 35^C. 0.5 ml. of this solution is then pipetted 
into 5* mL of 20 per cent Klim in m/10 pH 5.0 acetate at 35^C. and the time of clotting 
noted. It should be very close to 2 minutes. 

B. Inhibitor. — 1 ml. of the same pepsin solution as used in is added to 1 ml. of a 
dilute (0.0001-0.0003 inhibitor units, [I.U.] per ml.) solution of inhibitor in m/10 pH 5.7 
acetate and placed at 35"C. for 10 minutes after which 0.5 ml. is put into Klim and the 
time required for clotting noted. 
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C. Cakidation of ItAibUor Activity and the Units.— Hht per cent inhibited is obtained 
by substituting the two clotting time values in the formula 


Per cent inhibited = 100 


/ clotting time of inhibited solution \"l 
\ dotting time of control solution / J 


Having the per cent inhibited, one reads off directly from the curve in Fig. 5 the inhibitor 
units [I.U.] or the equivalent amount of pure inhibitor nitrogen. The unit inhibitor ac- 
tivity [I.U.] is the inhibiting activity of 1 mg. of N of the purest inhibitor such as that used 
in obtaining the curve in Fig. 5 which was crystalline and nearly solubility pure. Ex- 
pressing it in another way, 2 X 10~^ [I.U.] will cause 50 per cent inhibition of the standard 
pepsin solution when treated as described above. This may be seen by examining Fig. 5. 
The specific inhibiting activity is merely the inhibiting activity per milligram of nitrogen 
[I.U.lmg.N- When the inhibitor is pure the [I.U.]nigji will, of course, then be 1.0. 



Fig. 5. Inhibitor-activity calibration curve 


Unless otherwise stated all pH determinations were carried ouf with the aid of 
Clark and Lubs indicators. The pH values given are those of standard buffer solutions 
giving the same color with a proportional amount of indicator. 

Nitrogen estimation was by the micro-Kjeldahl as previously described. 
p^^^^,_Xhe pepsin used in the estimation of inhibitor was a glycerinated 2 times 
crystalline Cudahy preparation having 300 rennet units per milligram protein nitrogen. 

Fepsinogen.--The pepsinogen used to prepare the inhibitor was prepared exactly as 
previously described (1). 


SUMMARY 

A method has been described for the isolation and crystallization of swine 
pepsin inhibitor from swine pepsinogen. 

Solubility experiments and fractional recrystallization show no drift in 

specific activity. 
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The reversible combination of pepsin with the inhibitor was found to 
obey the mass law. 

The inhibitor is quite specific, failing to act on other proteolytic and 
milk clotting enzymes. The inhibitor is destroyed by pepsin at pH 3.5. 

Chemical and physical studies indicate that the inhibitor is a polypeptide 
of approximately 5,000 molecular weight with an isoelectric point at pH 3.7. 
It contains arginine, tyrosine, but no tryptophane and has basic groups in 
its structure. 
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CHEMICAL PACEMAKERS 

III. Activation Energies of Some Rate-Limiting 
Components of Respiratory Systems* 

By ZAREH HADIDIAN and HUDSON HOAGLAND 
{From the Physiological Laboratory^ Clark University^ Worcester) 

(Received for publication, September 23, 1940) 

INTRODUCTION 

In a previous paper Hadidian and Hoagland (1939-40) studied activa- 
tion energies, /x values as calculated from the Arrhenius equation,^ for the 
two major components of the crude beef heart extract obtained by the 
method of Stotz and Hastings (1937). In this system succinic acid loses 
hydrogen in the presence of the extract’s succino-dehydrogenase and be- 
comes fumaric acid. The hydrogen then combines with oxygen in the 
presence of the extract’s cytochrome-cytochrome oxidase. The consump- 
tion of oxygen in Warburg vessels can thus serve as a measure of the total 
reaction’s velocity. 

Hadidian and Hoagland found that (1) the respiratory enzyme system 
extracted from the beef heart, and presumably containing two major 
enzyme components, yielded a jjl value of 11,200 ± 200 calories; (2) this 
/i value shifts abruptly to 16,000 it 200 calories when the enzyme system 
is poisoned with a critical amount of NaCN, thus suggesting that the former 
value is characteristic of the dehydrogenase activity and the latter of 
oxidase activity, — since cyanide, by reducing the availability of the oxi- 
dase, would, at a critical concentration, make this the limiting slow step 

* This investigation has been aided by a grant from the Penrose Fund of the American 
Philosophical Society. We also wish to express our thanks for the technical assistance 
of Miss Alathea Warren and Mr. Eugene L. Watkins who performed some of the ex- 
periments described in this paper. 

^ The Arrhenius equation, V - Ze“^^y describes the speed of a variety of chemical 
reactions as a function of temperature, where V is chemical velocity, e is the base of 
natural logarithms, T is the absolute temperature, Z is a constant, R is the gas constant, 
equal to 1.99 or 2 cal./mol, and /i is the critical thermal increment or energy of activa- 
tion; the amount of energy per mol above the average energy of the system required 
to render the particular molecules reactive. Taking logarithms on both sides of the 
equation, we obtain, log K - C - /ix/2.3 RT, and, if the data fit the equation, a plot of 
log V against l/T should give a straight line, with intercept C and negative slope m/4.6. 
From the slope of the line the n value in calories per mol may be calculated. * 
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or chemical pacemaker in the chain; (3) this view is further confirmed by the 
fact that the /k value shifts back to 11,200 calories if a critical amount of 
selenite, shown by Stotz and Hastings to be a specific poison for the de- 
hydrogenase, is added to the enzyme system already poisoned with suffi- 
cient cyanide to yield a /i of 16,000 calories. It was thought desirable to 
study further the various components involved in this reaction system to 
determine whether these same activation energies, or n values, could be 
obtained from the isolated components. If 11,200 and 16,000 calories are 
respectively characteristic per se of succino-dehydrogenase and cyto- 
chrome-cytochrome oxidase, then we would expect to obtain these same 
values in the study of the two components independently. If, on the other 
hand, these values depend on the reactions (i.e., all the reactants involved 
in a given step in the reaction), then different values may be obtained in 
the study of the isolated component enz}nnes reacting under varying condi- 
tions. This latter view is to be expected since the energy of activation 
refers to energy relationships between particular linkages of en^rnie and 
substrate and these may vary not only from one substrate to another, 
but different parts of the enzyme molecule may also be active under vary- 
ing physical and chemical conditions. In our previous paper (Hadidian 
and Hoagland, 1939-40) we were careful, for example, to point out that 
the It value of 16,000 calories obtained under the conditions of our experi- 
ments was not necessarily always to be found associated with cytochrome- 
cytochrome oxidase. The fact that the respective values of 11,200 and 
16,000 calories obtained from the enzyme extract agree with values ob- 
tained from experiments in vivo was regarded as especially significant. 
The It value may be the same for a given enzyme in the presence of a variety 
of substrates, as Gould and Sizer (1938) have shown; it may also be 
independent of pH and other variables over a wide range (Sizer, 1937), 
thus indicating that the same enzyme processes are involved in the split- 
ting of essentially identical substrate linkages from one substrate to an- 
other. The temperature method of analysis may thus serve to help 
unravel the problem of enzyme specificity, both with regard to substrate 
specificity and to specificity of its own active centers. 

To extend the study the following experiments were undertaken: (1) 
temperature studies of the oxidation of ^phenylenediamene catalyzed by 
the beef heart extract, a reaction presumably involving only the oxidase 
and not the dehydrogenase component of the system; (2) temperature 
studies of the succinate oxidation by pyrophosphate-poisoned emyme; 
and (3) temperature studies of the succinate oxidation when a dye was 
substituted for the cytochrome-cytochrome oxidase component after this 
component had been inactivated by cyanide. 
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To amplify the reasons for undertaking these three plans of investigation 
it may be pointed out that the oxidation of j^-phenylenediamine involves 
the oxidase component but not the dehydrogenase component, thus afford* 
ing an opportunity for the independent study of the cytochrome-cyto- 
chrome oxidase ai livity. Pyrophosphate, according to Stotz and Hastings 
(1937), does not inhibit the dehydrogenase activity, but 6 X 10”* M of it 
does inhibit to al out 38 per cent the oxidase activity. Thus we might find 
that the pyrophosphate-partially-poisoned enzyme would yield the same 
result as the cyanide-partially-poisoned enzyme 16,000 calories), 
since both might presumably make the oxidase step the slow link or 
pacemaker. Addition of sufiSicient cyanide to the enzyme system stops 
the oxidation of succinate completely by poisoning the oxidase. K to 
this system a reversible oxidation-reduction dye with the proper po- 
tential is added as substitute for the oxidase, the oxidation of succinate 
is restored (Stotz and Hastings, 1937). By suitable choice of dye and 
of its concentration this reaction may be made to serve as a measure of 
the activity of the succino-dehydrogenase component. 

Procedure 

Methods employed in the preparation of the enzyme, the measurement of oxygen 
consumption, the measurement of reaction velocities, and the calculation of u values 
are described in our previous paper (Hadidian and Hoagland, 1939-40). 

In all the p-phenylenediamine experiments fresh solutions of the ^-phenylenedi- 
amine were prepared for each reaction. It was noted that addition of high concentra- 
tions of pyrophosphate to the reaction mixture caused a considerable rise in the pH of the 
resulting mixture. In all of these experiments the reaction mixture was buffered to 
pH 7.4 by the addition of KH 2 PO 4 . When high concentrations of cyanide were used, 
the pH was adjusted in a similar manner. 

Stotz and Hastings (1937) found cresyl blue to be the most efl&cient dye in replacing 
the oxidase component. We found experimentally that a mixture containing 0.5 ml. 
enzyme, 1.0 X 10“® m cyanide, and 5 .0 X 10~® m cresyl blue in an atmosphere of pure 
oxygen gave oxygen consumption most nearly approximating that of the unpoisoned, 
freshly extracted, system. 

Our reaction velocities were measured along the approximately linear portions of the 
reaction curves immediately following the “initial lag.” All experiment were re- 
peated at least once and the results found to check within the limits of experimental 
error. 


RESULTS 

Oxidation of p-Phenylenediamine 

According to Stotz et al. (1938) the oxidation of ^-phenylenediamine in- 
volves not only cytochrome c-cy tochrome oxidase but also the autoxidizable 
relatively non-cyanide-sensitive cytochrome b. In the preparation they 
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used, about 20 per cent of the oxidation was apparently due to this latter 
factor functioning concurrently with cytochrome c. If such were the case 
with the preparations used in our experiments, then the Arrhenius equation 
plot of temperature and velocity of this reaction would be expected to 
yield not a straight line but a curve concave upwards (Crozier, 1924-25). 
The fact that our temperature curves are rectilinear, as will be seen, sug- 
gests that if both cytochromes are appreciably involved they act sequen- 
tially and not concurrently unless the n values are identical or nearly so. 
Our linear Arrhenius plots thus indicate either that (o) the two cytochrome 
steps are sequential or (6) they act concurrently with activation energies 
which are of the same order of magnitude. We have, as yet, no satis- 
factory evidence to enable us to resolve these alternatives. 

Fig. 1 shows the oxygen consumption curves at different temperatures 
for the oxidation of ^-phenylenediamine. The same enzyme preparation 
was used on 2 consecutive days. Change in the activity of the enzyme was 
slight, so that the results of 2 days’ experiments could be plotted together. 
Fig. 2 shows the Arrhenius equation plot obtained from the data of Fig. 1. 
It is a straight line with a /i value of 9,500. If the concentration of p- 
phenylenediamine is reduced to 1/10 of the concentration used in these 
experiments, the velocity of the reaction is reduced by more than 60 per 
cent but the m value remains the same. It is clearly not 16,000 calories 
which we had previously obtained when the oxidase component was the 
slow step in a sequence involving succinate and succino-dehydrogenase. 

Enzyme Poisoned with Pyrophosphate 

According to Stotz and Hastings (1937) addition of 6.0 X 10“® M o^ 
pyrophosphate does not inhibit the dehydrogenase component, but doe® 
inhibit, by 38 per cent, the oxidase component as measured by ^-phenylene* 
diamine oxidation. It was found that addition of this concentration of 
pyrophosphate directly to the reaction mixture containing 1.5 ml. of 
m/15 phosphate buffer (pH 7.4) causes a considerable rise in the pH of the 
resulting mixture. If the mixture is buffered to pH 7.4 by the addition of 
KHtP 04 , there is no inhibition of the ^-phenylenediamine oxidation by 
concentrations of pyrophosphate as high as 6.0 X 10“‘ m, yet lower concen- 
trations than this at pH 7.4 may cause 90 per cent inhibition in the oxida- 
tion of succinate by the enzyme extracts (Fig. 3). The dehydrogenase 
has been shown not to be poisoned by pyrophosphate (Stotz and Hastings, 
1937) and the lack of inhibition of the ^-phenylenediamine reaction indi- 
cates that pyrophosphate does not poison the oxidase component. We 
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thus have evidence for a step other than the two which involve succino- 
dehydrogenase and cytochrome c-cytochrome oxidase in the oxidation of 
succinate which is acted upon by pyrophosphate. This step apparently is 



Fig. 1. Oxygen consumption curves for oxidation of F-phenylenediamine at different 
temperatures. 1 X 10~^ h ^phenylenediamine and 0.5 ml. enzyme. O ~ determina- 
tions made the day of the preparation of enzyme. A determinations made the 
following day. 

The temperature in **€. is given with each curve. 



Fig. 2. Arrhenius equation plot of date given in Fig. 1. /t " 9,500 

one of the sequence of steps involved in the oxidation of succinate as shown 
by the high degree of inhibition produced by relatively low concentrations 
of pyrophosphate. 

Temperature studies of pyrophosphate-poisoned reactions yield further 
support to this view. Fig. 4 shows the Arrhenius equation plot of such 
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Fig. 3. Effect of varying concentrations of pyrophosphate on the succinate and 
^phcnylenediamine reactions, ^phenylenediamine reaction: Temperature 37®C., pH 
7.4, 5.0 X 10“* M ^*phenylenediamine, 0.5 ml. enzyme. Succinate reaction: Tempera- 
ture 37®C., pH 7.4, 6.0 X 10”* M succinate, 0.5 ml. enzyme. 

Identical symbols indicate experiments done simultaneously with the same enzyme 
preparation. 

^ Velocity of normal reaction — velocity of poisoned reaction 

Per cent inhibition - ; — 

Vdocity of normal reaction 



^Fig. 4. Arrhenius equation plot of an experiment with pyrophosphate-poisoned en- 
zyme. 6.0 X 10“* li succinate. 1 X 10”* h pyrophosphate. 0.5 ml. enzyme. pH 
7.4. /X - 17,500. 
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data. A /i of 17,500 calories is obtained which differs from the two other 
values (11,200 and 16,000) obtained from this system.* 

Oxidation of Succinate by Enzyme in Which a Dye Is Substituted for the 

Oxidase 

It was thought possible that by poisoning the oxidase component com- 
pletely and replacing it by a sufficient amount of a suitable dye the normal 
activity of the enzyme system might be restored. Such a system would 
afford an opportunity for the study of the succino-dehydrogenase without 
the cytochrome-cytochrome oxidase component. 

It was found experimentally that the addition of 1.0 X 10"* M cyanide to 
0.5 ml. enzyme would stop the oxidation of succinate almost completely 
(for such a system the Oi consumption is 2-3 c. mm. for the first 15 min- 
utes). Stotz and Hastings (1937) found cresyl blue to be the most effi- 
cient dye in replacing the oxidase component. 5.0 X 10~* m of this dye 
added to the completely poisoned system restores the oxygen consumption 
to normal in the presence of an atmosphere of oxygen (Fig. 5). Addition of 
this concentration of cresyl blue to the normal reaction mixture causes 
no inhibition. Varying the concentration of the succinate within large 
limits does not change the initial velocity of this reaction (Table I). If, 
however, air is used instead of pure oxygen, the velocity is reduced about 
20 per cent. 

Fig. 6 shows a series of oxygen consumption curves for this reaction at 
various temperatures. An Arrhenius equation plot of these data yields 
a u value of 18,500 (Fig. 7, curve I). Lowering the concentration of the 
enzyme from 0.5 to 0.05 ml., while slowing the reaction, does not change the 
M value (Fig. 7, curve II), thus indicating that the dehydrogenase-catalyzed 
step is pacemaker and that its critical increment of 18,500 calories is differ- 
ent in this reaction than that of 11,200 obtained when the chain is that 
of the “normal” extracted system (Hadidian and Hoagland, 1939-40). 
Lowering the concentration of the cresyl blue from 5.0 X 10“* to 5.0 
X 10-* M changes the u value to 22,000 calories (Fig. 8, curve I). Further 
lowering of the cresyl blue concentration (by one-half) causes no further 
significant change in the n value (Fig. 8, curve II). We thus see that the 

* By itself this difference in /t would not constitute evidence for another step since it 
might result from modification of the dehydrogenase by the pyrophosphate. However, 
fair An in conjunction with Stotz and Hastings’ evidence that pyrophosphate does not 
poison the dehydrogenase, and our data shown in Fig. 3, the postulation of an additional 
step seems necessary. 
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activation energy of this particular dye-catalyzed step is 22,000 calories 
and that it is made pacemaker by lowering the dye concentration. 



Fig. 5. Oxygen consumption curves for the normal and the dye*substituted reactions, 
o ■■ normal: 6.0 X 1 m succinate, 0.5 ml. enzyme. A - dye-substituted: 5.0 X 
10”® If cresyl blue, 1.0 X 10”® m cyanide, 6.0 X 10”® m succinate, 0.5 ml. enzyme. 

TABLE I 


Temperature 37®C. pH 7.4 0.5 ml. enzyme 

Initial velocity taken at 2-5 min. after beginning of reaction 


Concentration of luocinate 

M X 10^/3 cc. 

Initial velocity 


c, mm, Of/min, 

15 

19.6 

12 

20.0 

10 

20.6 

8 

20.6 

6 

20.3 

4 

21.0 

2 

20.3 

1 

17.6 


Doubly Washed Enzyme 

Stotz and Hastings (1937) have reported that by doubling the number 
of washings a preparation is obtained which, in spite of high oxidase and 
dehydrogenase activity, showed a lowering of the rate of oxidation of 
succinate. Such a preparation we found showed a 40 per cent decrease in 
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Fig. 6. Oxygen consumption curves for an experiment with dye-substituted enzyme 
at different temperatures. 5 X lO"* u cresyl blue, 1.0 X 10"® m cyanide, 6.0 X 10"® m 
suivinate, 0.5 ml. enzyme. The temperature in ®C. is given with each curve. 



no. 7. I. Arrhenius equation plot of data given in Fig. 6. m - 18,500. II. Anheriius 

equation plot of an experiment using one-tenth as much enzyme. 6.0 X 10- u 
cLte 0 1 X 10-® u cyanide, 0.05 ml. enzyme, 5.0 X 10-® u cresyl blue, n - 18,600. 
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the rate of succinate oxidation with the enzyme preparation as obtained 
after 16 washings (instead of the normal 8), 41 per cent inhibition in the 
rate of the reaction with 5.0 X 10~‘ m cresyl blue substituted for the oxidase 
component (measure of dehydrogenase activity), and 7 per cent decrease 
in the rate of oxidation of ^-phenylenediamine (measure of cytochrome 
c-cytochrome oxidase activity). Decrease in the activity of the enzyme 
is shown to parallel the decrease in the activity of the dehydrogenase com- 
ponent. The use of this extract might thus yield a n value characteristic 



Fig. 8. Arrhenius equation plots of experiments using low concentrations of cresyl 
blue. I. 6.0 X 10~*M succinate, 1.0 X 10"* M cyanide, 0.5 ml. enzyme, 5.0 X 10"’' M 
cresyl blue, /a - 22,000. II. 6.0 X 10"* u succinate, 1.0 X 10"* m cyanide, 0.5 ml. 
enzyme, 2.5 X 10"'^ M cresyl blue, ft — 22,300. 

of succino-dehydrogenase, since more of the dehydrogenase activity is 
removed by the excessive washing than of the oxidase activity and this 
should make it the slow step or chemical pacemaker. 

The two n values we have found associated with succino-dehydrogenase 
are 11,200 calories (Hadidian and Hoagland, 1939-40) when it acts in a 
sequence with cytochrome c-cytochrome oxidase, and 18,500 calories when 
the dehydrogenase reacts in a sequence in which cresyl blue has been sub- 
stituted for the cytochrome oxidase after the latter has been inactivated by 
cyanide. We should thus expect a /* of 11,200 to occur with the doubly 
washed extract and one of 18,500 calories when the doubly washed en- 
zyme is used with cresyl blue substituted for the oxidase. 
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Experiments involving the doubly washed enzyme without cyanide and 
without cresyl blue yield a /i of 11,300 calories, as was expected (Fig. 9, 
curve II). However, experiments in which the doubly washed enzyme is 
used with cresyl blue after complete cyanide inhibition of its oxidase also 
yield 11,300 calories (Fig. 9, curve I) and not 18,500. In the, first series 
of experiments the oxygen consumption at a given temperature is approxi- 
mately linear with time for a considerable period (over 60 minutes at 
25 C.). In the second series with cyanide and cresyl blue the curves fall 
off after about 10 minutes and the rates were calculated from only the first 
three points at each of the temperatures where the curves of oxygen con- 



Fig. 9. Arrhenius equation plots of experiments with doubly washed enzyme. I. 
5 X 10“® M cresyl blue substituted for the oxidase component, /jl — 11,300 calories. 
II. Unpoisoned enzyme. « 11,300 calories. 

sumption and time are linear. The value of 11,300 calories in this second 
case (Fig. 9, curve I) may be a coincidence. Certainly the data are by no 
means as reliable as those involved in our other /i plots where the reactions 
are of zero order over many observations. 

Why removal of dehydrogenase activity by washing should yield a 
different from that obtained by reducing the concentration of the enzyme, 
when in both cases the cytochrome oxidase is completely blocked by 
cyanide and cresyl blue is substituted in its place, we do not know. If we 
assume that the data of curve I are reliable, in some unknown way the 
double washing produces a system in which the m value for the dehydro- 
genase reacting with cresyl blue is the same as that encountered for the 
system reacting with active cytochrome-cytochrome oxidase. ■ 
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DISCUSSION 

In a previous paper (Hadidian and Hoagland, 1939-40) it was concluded 
that 11,200 calories was the energy of activation associated with sucdno- 
dehydrogenase activity and 16,000 calories, the energy of activation asso- 
ciated with the cytochrome-cytochrome oxidase activity. In the present 
study of the two components under different conditions neither of these 
two values was obtained (except in the case of the doubly washed enz 3 Tne). 
Therefore it is quite evident that these values cannot be associated with 



Fig. 10. Effect of varying concentrations of enzyme on the velocity of reaction with 
dye substituted for the oxidase component. 6.0 X 10~^ m succinate and 5.0 X 10 -*m 
cresyl blue. The concentration of cyanide to poison the oxidase is varied with that of 
the enzyme to give total inhibition. Velocity in c. mm. Os/sec. 

these enzymes under all circumstances, but that they characterize the 
particular step involving them in the reaction as a whole. 

The fact that varying the concentration of ^-phenylenediamine by a 
factor of 10 does not change the energy of activation indicates that the 
reduction of cytochrome by ^-phenylenediamine cannot be the limiting 
factor in the reaction. This is in agreement with the findings of Stotz 
et (1938) that ^-phenylenediamine reduces cytochrome c rapidly. 

In the dye-substituted reactions with high concentration of cresyl blue 
there appears a situation in which the dehydrogenase concentration is the 
limiting factor. The evidence for this is furnished by the following: 
(1) the jLt value (18,500) does not change with decreasing concentrations of 
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the enzyme; (2) the velocity of the reaction is a linear function of enzyme 
concentrations up to 0.5 ml. of enzyme (Fig. 10). With low concentration 
of the cresyl blue the velocity of the reaction is a linear function of the 
concentration of the dye. The n value in this case changes to 22,000 
calories. 

Since pyrophosphate does not inhibit the dye-substituted reaction (Stotz 
and Hastings, 1937) nor the oxidation of ^-phenylenediamine (Fig. 4), 
it must act on something besides succino-dehydrogenase or cytochrome c- 
cytochrome oxidase. Exactly where it acts to furnish a m of 17,500 we do 
not know. It may possibly be on cytochrome 5 or o or on some other 
possible carrier in the sequential chain of reactions. 


SUMMARY 

1. In a previous paper it was found that 11,200 calories is obtained for 
the energy of activation in the oxidation of succinate to fumarate in the 
presence of crude beef heart extract when succino-dehydrogenase was made 
the limiting factor. 16,000 calories was obtained with this preparation 
when cytochrome-cytochrome oxidase was made the limiting factor. In 
the present paper activation energies of the components of this enzyme sys- 
tem are further studied. 

2. Oxidation of /»-phenylenediamine catalyzed by the extract and known 
not to involve the dehydrogenase component yields Arrhenius equation 
plots indicating a pacemaker reaction with a a* of 9,500 calories. 

3. An activation energy of 17,500 calories is obtained for the oxidation of 
succinate to fumarate in the presence of the beef heart extract partially 
poisoned by pyrophosphate. Evidence is presented that this value corre- 
sponds to a link in the respiratory chain other than that of succino-dehydro- 
genase or cytochrome c-cytochrome oxidase. 

4. Addition of a suitable amount of cresyl blue to a beef heart extract 
reaction mixture, completely inhibited by cyanide, restores the oxidation 
of succinate to normal in the presence of pure oxygen. In this system, in 
which the dye is substituted for the oxidase, when the enzyme extract 

is made the limiting factor, a m of 18,500 cdories is ob^ 
tained; when cresyl blue is made the limiting factor, the m value is 22,000 

5. Results of these experiments indicate that rae^es of activatmn ^ 
associated not with the enzyme as such, but with the particulai reaction 
steps involving them as catalysts. 
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It appears to be well established that the red cells are impermeable to 
cations, but there have nevertheless been some experiments which have 
demonstrated slow changes in the potassium content. The availability of 
radioactive isotopes makes possible a re-examination of this question, and 
some reports based upon this method have already been published. 

Cohn and Cohn (1939) showed that radioactive sodium exchanged with 
sodium in dog erythrocytes in vivo so that half the sodium had exchanged 
in 12 hours. They found that the sodium exchanged as if there were a 
simple diffusion, taking into account the difference in concentration of 
sodium between dog cells and plasma. In this laboratory Manery and 
Bale (1940) have also found evidence of penetration of sodium into dog 
cells in vitro, but their results with rats and rabbits in vivo were inconclusive 
on account of the small amounts of sodium normally present in the cells 
of these animals. 

On the other hand, Hahn, Hevesey, and Rebbe (1939 a and b) using the 
radioactive potassium isotope K" found that only about 3 per cent of the 
potassium in red cells of the frog or rabbit exchanged with the plasma. 
Joseph, Cohn, and Greenberg (1938 and 1939) working with the rat meas- 
ured activities in whole blood only, but their data are consistent with a fall 
in plasma radioactivity followed by a rise in corpuscular activity. Even 
so they find quite low penetration of radioactive potassium into the red 
cells. F.ispnmann , Ott, Smith, and Winkler (1940) working with human 
red cells reported no exchange of potassium or sodium. In view of the 
extremely low sodium content of human cells, it is doubtful whether pene- 
tration of sodium could be measured by a radioactive method in this 
material. 

A pr eliminar y abstract of our experiments with radioactive potassium 
and red cells has already been published (Noonan, Fenn, and Haege, 1940). 
In this paper they are presented in greater detail. 
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Methods 

Radioactive potassium chloride was prepared by bombarding 100-200 mg. of pure 
crystals of KCl with a neutron beam of 4.5 m.e.v. for 3 to 4 hours. Tlic crystals were 
then dissolved in a little water, and the potassium was precipitated as KCIO 4 by the 
addition of a saturated solution of NH 4 CIO 4 . Powdered Mn02 was added and the 
mixture was filtered in a porous crucible. The precipitate was wa.she(l with alcohol 
followed by ether and dried. The crucible was then ignited either in a muffle furnace 
at 500®C. overnight or in a quartz crucible over a Bunsen burner for 1 hour which was 
found to be sufficient time to reduce the KCIO 4 to KCl. The crucible was then cooled 
and weighed. The KCl was dissolved out in a little hot water, transferred to a volu- 
metric flask, and made up to 10 ml. The crucible was dried and weighed again and the 
quantity of KCl in solution was calculated from the loss in weight. This procedure 
insured that radioactive sodium which might have contaminated the potassium as 
well as any activated chlorine was eliminated. There was also sufficient time for 
radioactive chlorine to disintegrate before the potassium was counted. The original 
potassium solution was diluted 1/500 for counting and was counted at least every 4 
hours while counting of the experimental samples was in progress. Background counts 
were taken with the same frequency. 

In the in vivo experiments a portion of the KCl solution (which was approximately 
isotonic) was injected directly into the animal, intraperitoneally or subcutaneously 
without anesthesia. Blood from the rabbit was taken from the ear vein into a beaker 
containing a dry mixture of sodium and ammonium oxalate. It was centrifuged at 
once. The plasma was drawn off and measured in a graduated centrifuge tube. The 
cells were washed once with saline (0.85 per cent NaCl) and centrifuged in a graduated 
centrifuge tube. The volume of cells was recorded and the saline removed. Nitric 
acid and a drop of caprylic alcohol were then added to the tubes, which were placed in 
a steam bath until the solution was a clear yellow. The tubes were cooled, the volume 
of digest recorded, and a 3 ml. aliquot was placed in the cup of a Geiger-MtQlcr counter 
(Bale, Haven, and LcFevre, 1939) for counting. Afterwards aliquots of the digest 
were taken for potassium analysis by the method of Shohl and Bennet as modified by 
Wilde (1939). 

Blood for in vitro experiments was obtained from rats and rabbits by cutting the 
throat and in humans by venous puncture. Either heparin or oxalate was used as an 
anticoagulant. The cells were washed twice in unbuffered mammalian Ringer that was 
0.005 molar in potassium (0.037 per cent KCl). For rat and human cells it contained 
0.8 per cent NaCl, 0.008 per cent MgCb, and 0.016 per cent CaCl 2 , and for rabbit cells 
1.0 per cent NaCl, 0.01 per cent MgCl 2 , and 0.02 per cent CaC^. The cells were sus- 
pended in Ringer containing radioactive potassium or ordinary potassium depending 
upon the experiment so that 20 cc. of the mixture contained about 1 cc. of cells. The 
suspension was agitated in a water bath at 37.5'^C. and was also aerated by a stream 
of air. Aliquots were taken at suitable intervals which were measured tb the time of 
starting the centrifuge. The supernatant Ringer was sucked off and counted after a 
tenfold dilution with water. The cells were washed once with Ringer and treated just 
as the cells from the in vivo experiments. Because of the errors introduced into potas- 
sium analyses by large quantities of sodium Ringer was not analyzed for potassium, 
but the change in the K content was calculated from the change in cell potassium. 
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In some experiments the change in radioactivity of the Ringer was similar ly 
calculated. 

The counts of the standard radioactive potassium solution were plotted on semi- 
logarithmic paper, and activities at times corresponding to sample counts were inter- 
polated from straight lines connecting the plotted points. Ordinarily the semilogarith- 
mic graph had the theoretical slope for a half-life of 12.5 hours. Any deviation from 
this slope indicated a change in the efificicncy of the counter which was thus automatically 
corrected for by this procedure. All counts were expressed as a fraction of the standard 
at the time of counting. By dividing this fraction by the ratio of the potassium con- 
centration in the nitric acid digest to that in the standard, solution counts were reduced 
to a molar basis (i.e. number of counts per unit of potassium) which expresses the 
fraction of the active potassium present in the potassium of the oampU 

This figure is referred to as the “activity” of the sample or the relative number of 
counts per mol of potassium on the basis of 1000 for the number of coimts in the standard 
solution fter mol of potassium. 


RESULTS 

The penetration of radioactive potassium into human cells suspended in 
Ringer at 37.5 C. is shown in Table I and Fig. 1 as measured in two experi- 
ments A and B. The data for cells were fitted empirically by a curve of 
the type, * = -f c, and the slope of this curve at each point calculated 
as f»»f The accuracy of each point does not exceed 5 per cent, and 
this method was considered adequate to give the slope to the possible limits 
of accuracy. The diffusion coefficient* is calculated as the quotient of this 
slope divided by the difference in relative activity of cells and Ringer. 
The diffusion coefficients average 0.20 X 10“’ and 0.24 X 10“* in two cases. 
The differences are probably not significant. 

The penetration of radioactive potassium into the red blood cells of a 
rabbit in vivo is shown in Table II and Fig. 2. The diffusion coefficient has 
been calculated in the same way as for the human cells, and it is observed 
to be larger immediately after injection. This might be correlated with the 
high potassium concentration in the plasma at this time. 

Radioactive potassium was put into rabbit erythrocytes by suspending 
them in Ringer containing active potassium for 10 hours at room tempera- 
ture (23°C.). A portion of the same cells received identical treatment 
except that the Ringer contained nonradioactive potassium. Both lots of 
cells were centrifuged and washed once with plasma. The inactive cells 
were suspended in radioactive Ringer and the active cells in inactive 
Ringer. Both lots were aliquoted in 20 ml. portions into 50 ml. Erleri- 

* This is not strictly a diffusion coefficient in the usual sense, for it has the dimen- 
sions of minutes-* and its value depends upon the area and thickness of the diffusing 
surffice as well as the actual speed of penetration. 
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HUMAN CEtUS* IN VITRO 



Fig. 1 a and 1 b. Two experiments on human red cells suspended in Ringer's solu- 
tion with radioactive potassium (a) cells of R.B.D. (b) cells of L.F.H. Ordinates, relative 
activity X 10~^. Abscissae, minutes from time of suspension of the cells in the solu- 
tion. Curves for cells follow the empirical equations given in Table I. 


TABLE I 

Human Erythrocytes— 4n Ringer 


A 


Time 

Hemato- 

crit 

K concentration 

Relative activity 

Empirical 
curve cell 
activity 

Slope cell 
activity 

Diffusion 

gradient 

Diffusion 

coeflkient 

xi(r« 

Ringer 

Cell! 

Ringer 

CeUB 

mi». 

■23 









0 


5.00 

(77.8) 


0 





95 


5.00 

77.8 


25 

24 

0.211 



195 


5.23 

76.6 


43 

43 


799 

0.213 

300 


5.35 

75.5 

880 

59 

65 

SI 

821 

0.183 

445 

4.85 

5.30 

74.4 

850 

81 

86 

mm 2 

769 

0.175 

640 

4.45 

5.70 


730 

106 

110 

KflUl 

624 

0.194 


Average diffusion coefficient ■■ 0 . 197 X 10^ min.”* 
Empirical curve for cell activity x ■■ 1 — 5.1 


B 


0 

60 

5.0 

5.0 

5.00 

5.00 

(84.6) 

84.6 

(1000) 

1000 

m 

23 

m 

1000 

981 


120 

4.95 

5.07 

84.0 

900 


31 

0.240 

867 

0.277 

210 

4.85 

5.13 

83.0 

900 

44 

44 

0.213 

856 

0.249 

^300 

5.0 

5.13 

82.0 

896 

58 

59 

0.199 

838 

0.239 

420 

4.9 

5.30 

81.0 

863 

75 

76 

0.186 

788 

0.236 

610 

5.0 

5.55 

74.1 

817 

101 

99 

0.172 

716 

0.241 


Average diffusion coefficient 0.254 X 10”* min.”* 
Empirical curve for cell activity x ■■ 0.778t*‘* + 3.5 
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meyer flasks which were agitated at Sts’*. At suitable intervals pairs of 
flasks were removed and the cell suspensions treated exactly as in the 



Fig. 2. Relative activity X of the potassium (ordinates) in the plasma and 
blood cells of rabbits drawn at various times (abscissae) after injection of radioactive 
potassium. Figures in Table II. The curve for the cells is drawn to follow the em- 
pirical equation given in Table II. 


TABLE n 

Rabbit Erythrocytes in Vivo 


Time 

Hemato- 

crit 

K concentration 

Relative activity 

Empirical 
curve cell 
activity 

Slope cell 
activity 

Diffusion 

gradient 

Diffusion 

coefficient 

Plasma 

CeUs 

Plasma 

Cells 

xio^ 

min. 

10 

ptr emit 

45.0 

6.50 

85.6 

1000 

18 

20 

1.010 

982 

0.970 

30 

40.7 

6.15 

92.6 

846 

32 

34 

0.578 

814 

0.710 

60 

40.4 

6.34 

94.8 

705 

50 

48 

0.412 

655 

0.630 

180 

37.7 

5.60 

81.2 

480 

91 

85 

0.236 

389 

0.607 

360 

34.0 

4.94 

91.4 

422 

124 

120 

0.170 

298 

0,571 

1440 

31.6 

4.59 

93.2 

403 

236 

240 

0.084 

167 

0.503 


Average diffusion coefficient ■■ 0.665 X lO”* min.'^ 
Empirical curve for cell activity x — 632<®** 


other experiments. Table III and Fig. 3 show the penetration into and out 
of the cells. In this case the slopes were estimated graphically. They are 
less reliable because of the few points which are rather erratic. This may 
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be due in part to excessive hemolysis. There seems to be a difference 
between the diffusion constants in the two cases. At present we see no 

RABBIT CELLS 



Fig. 3. Rabbit cells in vitro. In (a) radioactive K is in the Ringer^s solution diffusing 
into the cells; in (b) it is in the cells diffusing out into the solution. Ordinates, relative 
activity of the potassium X 10“^; abscissae time from beginning of diffusion. All 
curves drawn through experimental points as given in Table III. 


TABLE in 

Rabbit Erythrocytes in Ringer 

A. Diffusion in 


Time 

Hematocrit 

K concentration 

Relative activity 

Slope cell 
activity 

Diffusion 

gradient 

Diffusion 
coefficien t 

Ringer 

Cells 

Ringer 

Cells 

X 10-* 

atin, 

0 

cemt 

3.0 

5.00 

80.4 

1000 

0 

0.30 

1000 

0.30 

115 

3.1 

5.11 

73.0 

956 

38 

0.46 

918 

0.50 

295 

3.2 

5.20 

67.7 

922 

80 

0.19 

742 

0.26 

535 

2.2 

6.42 

45.0 

756 

119 

0.15 

635 

0.23 


Average diffusion coefficient « 0.32 X 10~* min.""^ 


B. Diffusion oul 


0 

3.0 

5.00 

80.4 

0 

1000 

0.59 

1000 

0.59 

115 

3.0 

5.11 

73.0 

84 

931 

0.36 

847 

0.42 

295 

3.2 

5.21 

67.5 

167 

895 

0.24 

728 

0.33 


2.6 

5.98 

55.3 

315 

839 

0.20 

524 

0.38 


Average diffusion coefficient — 0.40 X 10^ min.“^ 


justification for considering this difference as significant in view of the 
inaccuracy of the measurements. The coefficient, however, is probably 
significantly lower than for the rabbit erythrocytds in vivo^ but of course 




Fig. 4o. Results of injections of radioactive potassium into 14 rats. Ordinates, 
relative activity X 10“^ of the potassium in plasma and cells where the activity of 
the injected dose in per cent of the body weight is 1000. Data of Table IV. 

Fig. 4^. Cell activity in per cent of plasma activity or per cent penetration of 
radioactive K into cells of rats (ordinates) at different times (abscissae) after injection. 
Calculated from data of Table IV. 


TABLE IV 


Rat Erythrocytes in Vivo 


Time 

K concentration 

Relative activity 

Empirical 

plasma 

Curves 

cells 

Slope 

cells 

Diffusion 

gradient 

Diffusion 

constant 

Plasma 

CeUs 

Plasma 

Cells 

min. 










30 

9.1 

86 

1071 

69 

1150 

64 

1.08 

1086 

1.00 

30 

8.8 

103 

1164 

76 






60 

12.6 

84 

528 

80 


92 

0.76 

053 

1.15 

60 

12.0 

95 

580 

77 

750 





60 

8.4 

96 

1030 

69 






120 

8.2 

100 

673 

113 

600 

130 

0.54 

570 

0.95 

120 

8.4 

95 

622 

128 






180 

7.6 

86 

459 

182 

550 

159 

0.44 

391 

1.12 

180 

9.6 


633 

278 






360 

7.4 

78 

944 

404 

500 

225 




390 

11.0 

97 

815 

304 

495 

234 




600 

11.0 

101 

514 

281 

480 

290 

0.23 

290 

0.80 

1035 

6.5 

no 

421 

390 

468 

382 

0.20 

86 

0.23' 

1080 

7.7 

97 

544 

431 

467 

390 

0.20 

57 

0.35 






Actual gradient (113) 

(1.77) 


Average diffusion coefficient 30 to 600 minutes - 1 .0 X 10-^«iin.- 
Empirical curve for plasma P *■ 450 + 18,000/f 
Empirical curve for cells « 11 
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the cells in vitro were in poor condition. Penetration of radioactive potas- 
sium at 23°C. during the loading process took place at a mean rate of 0.1 
coimts/mol per minute with a gradient of 1000 counts/mol so that the coef- 
ficient of diffusion is of the order of 0.1 X 10“*. This value is 0.27 times the 
mean rate at 37.S“C. which corresponds to a Qu of about 2.4. 

In the course of other experiments a number of rats were injected with 
radioactive potassium intraperitoneally or subcutaneously. Each animal 
received 1-3 cc. of 0.1 or 0.2 m KCl, a large dose. The animals were 
sacrificed after various intervals, blood was collected, and the tissues were 
analyzed for radioactivity and potassium. The results of these analyses 
will be reported elsewhere.* After centrifuging the blood, plasma was 
removed as completely as possible and the cells were dissolved in nitric acid 
without washing. A known volume of plasma was similarly digested in 
nitric acid, counted, and analyzed for K. There is unfortunately a very 
large variability in the results as shown in Table IV and Fig. 4, probably 
due to variations in the experimental procedure and to variations in the 
ability of the different animals to dispose of the large dose of potassium in 
the various tissues of the body. Nevertheless, if we discard the points at 
6 and 6.5 hours, it is possible to make a fair approximation to the data as 
shown in the curves of Fig. 4 a. Then taking the slope of the cell curve by 
differentiation as before, we have calculated the diffusion coefficient for 
different points. This value shows very little variation except at 18 hours, 
and if at this time the actual gradient experimentally observed between 
cells and plasma is used for calculation instead of the difference between 
the empirical curves, even this point falls more nearly in line. It is signifi- 
cant, we believe, that the diffusion coefficient is higher in rat than in 
rabbit or human erythrocytes. 

Although these data show great irregularity when plotted as in Fig. 4 a 
they are somewhat more regular if the per cent penetration (i.e. cell activity 
X 100 plasma activity) is plotted against time as in Fig. 4 b. In about 
30 hours the exchange may be expected to be complete. The interpretation 
of this curve, however, is somewhat difficult because of the widely varying 
gradient which was exceedingly high immediately after the injection and 
because an apparent increase in penetration can be caused by decreased 
plasma activity due to exchange with other body tissues. The data of 
Tabfe IV were obtained from experiments on fourteen different rats and 
they afford therefore most convincing evidence of the cation permeability 
of rat cells under normal physiological conditions in the body. 

Radioactive potassium was loaded into rat cells by injecting active KCl 


* Am. Jour. Physiol., in press. 
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into the rat 5 hours before taking the blood. Table V and Fig. 5 show how 
the active potassium left the red cells when they were suspended in Ringer. 
There was considerable hemolysis which accounts for the high activity in 
the Ringer. In this case the points are too erratic to justify fitting an em- 


nKUAi I vb 



Fig. 5. The diffusion of radioactive potassium from rat red cells into the Ringer’s 
solution in which they are suspended. The graph for the solution follows the empirical 
formula while the graph for the cells is the calculated theoretical curve (see text). Or- 
dinates relative activity X abscissae, time from the beginning of diffusion. 


TABLE V 

Rat Erythrocytes in Ringer 


Time 

Hematocrit 

K concentration 

Relative activity 

Empirical 
curve Ringer 
activity 

Theoretical 
curve cell 

Ringer 

Cells 

Ringer 

CeUs 

activity 

mi». 

0 

Pwctnl 1 

0.051 

5.00 

96.5 

0 

1000 

0 

1000 

75 

mSM 

5.48 

95.0 

213 

894 


931 

180 

mSSM 

5.83 

90.3 

264 

773 


860 

320 

0.032 

7.10 

89.4 

489 

769 

489 

793 


Diffusion coefficient h ^ 1.0 X 10*' 

Empirical curve for Ringer activity R -> a/ — 1 .531 

( 1.53 \ 1.53 

1000 -h Q ” 0”001 


pirical curve. However, if we assume a linear rise in the Ringer activity 
R = 1.53 /, and a diffusion coefl5cient of 10~* the value obtained in the 
in vivo experiment, we can calculate the fall in activity of the cells.* 

* Assuming the law of diffusion 

and a linear relation for the Ringer activity R - R. + o/ on solving the differential 
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The upper graph in Fig. 5 is the curve calculated in this way, and it 
appears to be a reasonable approximation to the experimental points. 
There seems to be no justification in this data for assuming a different 
diffusion coefficient for in vitro than for in vivo exchange in rat erythrocytes. 

DISCUSSION 

If a cell is permeable to a given ion K and does not change its content 
of that ion over a period of time, we can say that the numbers of K ions 
crossing its membrane in each direction in unit time are equal. Now let 
the fractions ar< and «« represent the ratios of radioactive to normal K ions 
inside and out and let p equal the number of K ions crossing in each direc- 
tion per minute. Then the number of active ions crossing per minute in 
the two directions is Xip and Xop. 

The change in the number of active ions inside after unit time is x„p — Xip 
or p{xo — *<)• The rate of change in the ratio of active to total K ions (K<) 

p p 

is accordingly — (*„ — *<). We can let ~ = b, since K,- must be a constant 

for a given cell that is not gaining or losing ions, and in differential form we 
write dx = b{xo — xi) dt. This is identical with the ordinary diffusion 
equation if we take the relative concentration of radioactive ions to total 
ions of the kind under consideration, b equals the fraction of ions leaving 
the cell per minute and is equal to the diffusion coefficient for K ions leaAnng 
the cell. The experiments reported here show that the radioactive potas- 
sium ions behave as if the membrane were allowing a constant fraction of the 
potassium inside to cross in each direction per minute. These results are 
all based on the assumption that the potassium remains in the cells and 
therefore in so far as they fit diffusion curves they give no evidence of 
changes in the concentration of potassium due to leakage. Some of the 
deviations of the diffusion coefficient from a constant value may well repre- 
sent net movements of potassium. For example, a movement of KCl 
into the cells increasing their potassium content when the plasma potas- 
sium is high would account for the apparently higher rate of uptake of the 
rabbit cells in vivo soon after injection. 

equation we get 

/ a\ —bt a 

* - ( *0 — Jto -t- j 

where x and R are the activities per mol of potassium for the cells and Ringer respec- 
tively. xo and Rt are their activities at time 0. f is the time, a the slope of the Ringer 
activity, and b the coefficient of diffusion. 
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If the activity of the cell potassium is expressed as a percentage of the 
activity of the plasma potassium the result also indicates the percentage of 
the cell potassium which has exchanged with the plasma po tassium . Thus 
in Table I it is seen that after 10 hours in vitro 12.4—14.5 per cent of the 
potassium of human cells has exchanged with the plasma potassium. For 
rabbit cells the exchange is 29 per cent complete after 6 hours iff. vivo (Table 
II) and 59 per cent complete after 7.9 hours in vitro (Table III). Possibly 
human cells also would show better exchange in vivo. The exchange in rat 
cells in vivo (Table IV) is 55 per cent complete in 10 hours and 79 per cent 
complete in 18 hours. The comparative constancy of the diffusion con- 
stant indicates that in human cells the exchange would be complete if 
sufficient time were allowed. There is no evidence as yet that the exchange 
is limited to a certain fraction of the cell K and that this diffusible fraction 
is larger in rats than in men. It appears instead that the rat cells are more 
permeable than human cells. The calculated diffusion constants represent 
a better measure of this permeability than the percentage exchange in 
unit time because in the latter no account is taken of the varying diffusion 
gradients. 

It should be mentioned that sodium can cause serious contamination in 
radioactive potassium. K" accounts for less than 7 per cent of the element, 
and yet it is the only isotope which can be activated to K“. All the sodium 
atoms can be activated somewhat more easily than the K" isotope. Since 
radioactive sodium and potassium have very similar half lives, it is easy to 
see how a small percentage impurity of sodium would cause serious trouble. 
Metallic potassium which has been used by most other workers as a source 
of radioactive potassium is notoriously the most difficult form of the 
element to purify. It may be suggested as a possibility that the low pene- 
tration observed by Hahn, Hevesy, and Rebbe (1939 5) was di>o to sodium 
contamination. The large ratio of plasma to cell sodium would make the 
counts in plasma very high compared to those in cells and give a very low 
calculated penetration. 

F is enmann , Ott, Smith, and Winkler (1940)* concluded from their meas- 
urements with radioactive potassium that there was no free penetration of 
potassium into human red cells. Actually there is no experimental conflict 
with our data. Their figures show an average of 4.4 per cent (maximum 
8 per cent) penetration in 4 hours whereas our figures show 15 per c6nt 
penetration in 10 hours. There are some important differences of tech- 

*The full report of this work appeared after this manuscript had been accepted 
for publication. This paragraph was added later by permission of the editofs. 
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nique. Their cells were left in plasma while ours were immersed in Ringer’s 
solution. On the other hand, they added dry potassium to plasma and 
in sudi large amounts (up to 60 mEq. per liter of whole blood) that the 
solution was quite hypertonic. Both of these factors would probably 
decrease the permeability in their experiments. In our experiments the 
solution was, if anything, slightly h)rpotonic which may account for the 
slight hemolysis observed. Such hemolysis introduced no error into the 
measurement of the penetration into the cells which remained intact, but 
the permeability of those cells may have been abnormally high. 

The actual penetration of potassium into human cells was not large in 
our experiments (only IS per cent). The shape of the curve indicates, how- 
ever, no great diminution in rate of penetration even after 10 hours. The 
belief that all the potassimn is eventually exchangeable has, therefore, some 
justification. 

It may be supposed that the permeability of the cells may have been 
modified by the radioactivity of the solutions. According to the results of 
Mullins (1939) with NiteUa, the effect if any would be a decrease of per- 
meability. We do not have as yet observations at a sufficient variety of 
radiation intensities to permit an experimental answer to this question. 
The actual radioactivity of the solutions in our in vitro experiments esti- 
mated in terms of the count given by a saturated solution of potassium ace- 
tate was about 7 microcuries per liter. This would seem to be low enough 
so that no isotope effect would be anticipated. 

In rats at least there seems to be no escape from the conclusion that the 
red cells are normally more or less permeable to potassium. Possibly, 
however, rat cells are impermeable to sodium. Otherwise it would be 
difficult to understand why potassium does not normally exchange for 
sodium. 


SUMMARY 

The diffusion coefficients for the exchange of potassium across the mem- 
brane of erythrocytes of humans, rats, and rabbits have been determined 
by the use of artificially radioactive potassium, both into and out of the 
erythrocytes both in vitro and in vivo. 

^ The diffusion coefficients found in minutes”* were 0.2 to 0.25 X 10~* 
for human, 0.32 to 0.665 X 10”* for rabbits, and 1.0 X 10”* for rat erythro- 
cytes. Rabbit erythrocytes appear to be more permeable in vivo. 

Reasons are advanced to explain the failure of earlier workers to demon- 
strate appreciable exchange of potassimn in erythrocytes. 
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The most widely distributed respiratory pigments in the animal kingdom 
are the iron-containing hemoglobins and the copper-containing hemo- 
cyanins. The hemocyanins occur only in invertebrates and all have high 
molecular weights (350,000 to 5,000,000). The hemoglobins, on the other 
hand, are universally distributed throughout the animal kingdom. Verte- 
brate hemoglobins, as a rule, have a molecular weight of 68,000 whereas 
invertebrate hemoglobins (erythrocruorins in Svedberg’s nomenclature) 
vary in their molecular weights from about 34,000 to several millions. 

In the present work three erythrocruorins occurring in worms have been 
studied from a chemical and physical chemical point of view, in order to 
compare their properties with those of vertebrate hemoglobin. Two very 
different types of erythrocruorin were studied, viz. the macromolecular 
pigments of the common earth worm (Lutnbricus terrestris) and of the sand 
worm (Nereis virens) and the low molecular respiratory protein of the so 
called blood worm (Glycera dibranchiata Ehlers).‘ In accordance with 
the experience of Svedberg (1) the former are freely dissolved in the ptoa 
whereas the latter is locked up in blood corpuscles which are suspended m 


the body fluid. , , . u 

Lumbricus erythrocruorin was isolated by repeated saltmg out or y 
repeated ultraceatrifugatlon {67,000 X gravity) of purified worn eati^a 
Bmps’ air-driven concentrating ultracentrifuge (2) proved to a suitable 
tool for the sedimentation and purification of this high molecular pigment. 
Furthermore the absorption spectra of the three pigments and of rome o 
their derivatives have been studied as weU as some of their chemical 


"'rn'rolaUvely large amount of blood pigment present In Gl^« d^.«- 
EUers has made it possible to isolate sufficient quantities of pure 

■ Piofmso, A. Petnmtowitsd. of the Offioro Zeologiml Labortoq, ■«« kind .K«gh 
to identify the spedes. 
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crystalline hemin to permit a determination of the configuration of the 
porphyrin, in order to decide whether the blood heme grouping present in 
worms is identical with that of vertebrates. 

Finally, the dissociation rate of Lumbricus and Glycera oxyerythrocruorin 
was compared with that of human oxyhemoglobin in the reaction meter of 
DuBois (3), in order to determine the rate of dissociation of oxyhemoglobins 
of large and small molecular size. 

EXPERIMENTAL 

i. Erytkrocruorin of Lumbricus terresiris 

Preparation . — 200 earth worms (about 500 gm.) were put through a meat mincer 
and the juice was separated from the fragments by placing the latter on cheese cloth 
and applying slight pressure. The minced worms were reextracted twice with 0.9 per 
cent NaCl solution. The brownish red extract thus obtained was centrifuged and the 
supernatant fluid decanted from the gray precipitate of cell debris. The dark red, turbid 
solution containing the pigment was mixed with Filter-Cel and filtered through a Buch- 
ner filter. A bright red opalescent solution was obtained which was used for most of the 
qualitative e:q>eriments. The preparation of the erythrocruorin extract was carried 
out in a cold room. This solution is stable for several days, if kept in the refrigerator. 
Further spuming in the conical head of a laboratory centrifuge at about 30(X) r.p.u. 
failed to produce a precipitate. 

From this solution the pigment may be separated by ultracentrifugation or by salting 
out with ammonium sulfate. The salt was added in small portions to the solution con- 
taining the pigment until a grey precipitate was formed. The precipitate was removed 
by centrifugation and the procedure repeated, until finally the chromoprotein itself was 
precipitated. The pigment was washed several times with ice cold water. 

Chemical Properties. — Lumbricus eiythrocruorin is soluble in water. 
After standing about a week in the ice box at pH 7 in phosphate buffer the 
erythrocruorin solution turns brown and the ferrierythrocruorin band 
appears at 645 mu. After the addition of sodium hydrosulfite (NasSjOO 
the ferriband disappears. If the solution is then saturated with oxygen, 
strong oxyerythrocruorin bands reappear and the brown color of the solu- 
tion turns dark red. All sp)ectroscopic observations were made with a 
Zeiss pocket spectroscope equipped with a wave length scale. The spectra 
to be compared were examined simultaneously with the aid of the compari- 
Mn prism. 

The absorption spectra of oxyerythrocruorin {Lumbricus) and human 
oxyhemoglobin appear to be identical. In accordance with some observa- 
tions of Anson et al. (4) we found the ferricompound of Lumbricus ery- 
throcruorin different from human ferrihemoglobin insofar as the band in 
the red is not at 640 m/i, but at 645 mu (50 Angstrom units farther towards 
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the long wave region) . At pH S it can be shifted by the addition of SOdlUm 
fluoride to the same position as ferrihemoglobin of man, namely to 610 ran. 
As contrasted to vertebrate ferrihemoglobin however, the band is not in- 
tensified and sharpened by this procedure, but reaiBUlS blurred. 

The oxidation of a purified solution of oxyerythrocruorin by dyes of 
various oxidation-reduction potentials was studied. Because many of these 
dyes absorb light in the same region as ferrihemoglobin, it is diflicult or 
sometimes even impossible to see the ferrihemoglobin band, if formed, with 
the technique described. In general one may say qualitatively that the 
pigment is oxidized by the same reagents as hemoglobin, for instance 
gallocyanin and 2,6 dibromophcnol-indophenol produce ferrihemoglobin 
as well as ferrierythrocruorin in phosphate buffer at pH 7.5. It may be 
mentioned here that the oxy-bands of Lumbricus erythrocruorin persist 
partially even when an excess of potassium ierricyanide is used. Even 
dilute solutions of erythrocruorin in water are quite opalescent. Therefore, 
owing to light scattering, the band of ferrierythrocruorin at 640 mp is 
difficult to observe before a large percentage of the chromoprotein is con- 
verted to the ferric stage. 

In all cases studied, the behavior of a sample of human hemoglobin in 
phosphate buffer was investigated imder identical conditions. The ferri- 
bands were identified by shifting them with fluoride to 610 mp, and by ob- 
serving their intensification and sharpening by this treatment. 

After shaking a solution of oxyerythrocruorin (prepared by ultracentrifu- 
gation) at pH 7.S in phosphate buffer and 25°C. for 24 hours in air, no 
ferrierythrocruorin could be detected. When a solution of pure oxy- 
erythrocruorin (in phosphate buffer at pH 7.5), prepared by ultracentrifu- 
gation, was shaken for 14 hours at 37°C. the respiratory protein was de- 
natured and showed a greenish gray color. That Lumbricus erythrocruorin 
is none the less unable to form a “green hemoglobin” of the kind described 
by Lemberg and others was shown by the following experiments: 

Erythrocruorin was dissolved in secondary phosphate and potassium 
cyanide was added to the mixture. The system was then aerated. Whereas 
chicken hemoglobin under identical conditions turned greenish and showed 
a band at 615 m/a, no green product was formed by Lumbricus erythro- 
cruorin, and no band appeared at 615 tan. 

To 5 cc. of a solution of chicken hemoglobin in secondary phosphate 
2 mg. of ascorbic acid were added ; the pH of the mixture was 7.8. Through 
this solution, as well as through a correspondingly prepared mixture con- 
taining erythrocruorin, air was bubbled for 24 hours at room temperature. 
No color change took place in the erythrocruorin solution, but the solution 
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of chicken hemoglobin turned greenish and showed a band at 615-620 mfi. 
The erythrocruorin solution gave a strongly positive hemochromogen test. 
No ferrierythrocruorin band was detectable, even after addition of sodium 
fluoride at pH 5. 

A solution of pure oxyerythrocruorin in phosphate buffer at pH 7.5, was 
treated with CO and the spectrum of carbon monoxide erythrocruorin was 
compared with that of a solution of human carbon monoxide hemoglobin. 
The spectra were found to be identical. The readings for the maxima were : 

I. 570 mfi 11. 535 m/i 

Addition of sodium hydrosulfite did not influence the spectrum. It is 
worth mentioning that the carbon monoxide compound of Lumbricus 
erythrocruorin does not differ appreciably in color from the oxycompound 
in contrast to the corresponding vertebrate hemoglobin compouiuls. 

The chromoprotein, after being filtered through Filter-Cel, can be ad- 
sorbed on aluminum hydroxide at pH 5 and eluted at pH 8. The adsorption 
of the pigment is only of advantage if purified extracts are used, because a 
yellow pigment present in crude extracts is adsorbed as well. This pigment 
remains in the supernatant fluid when the erythrocruorin is sedimented from 
crude solutions. 

Attempts to crystallize Lumbricus erythrocruorin by treating solutions of the highly 
purified pigment (prqMired by ultracentrifugation) with ammonium sulfate of various 
concentrations or with solutions of cadmium sulfate, failed. 

2 drops of a concentrated solution of erythrocruorin, prepared by ultracentrifugation, 
were added to 1 cc. of phosphate buffer of various pH values. Between pH 3.7 and 5.4 
precipitates appeared, the strongest one at pH 4.3. No precipitate was formed between 
5.4 and 7.3. The isoelectric point determined by electrophoresis, according to Svedberg 
and Eriksson (5), is at pH 5.28. 

2. Erythrocruorin of Glycera dibranchiata Ehlers 

Preparation , — ^The main blood vessels of the worm are opened near the head and the 
blood is collected. Each worm yields about 2 cc. of blood. The blood corpuscles are 
centrifuged off and washed twice with 0.9 per cent NaCl solution at the centrifuge. 
Distilled water is added to the washed blood cells to obtain a volume three times that 
of the original blood volume. A few drops of ether are also added to enhance hemolysis. 
Rq>eated freezing and thawing of the corpuscles at -50^C. and -|-20°C. respectively 
failed to destroy all of the blood cells present. The addition of the ether caused most of 
the blood cells to hemolyze, but a certain number remained intact. A similar behavior 
of the blood corpuscles of Urechis caupo was reported by Redfield and Florkin (6). 
Additional amounts of the erythrocruorin may be obtained as follows. The bodies of 
the worms are minced, after bleeding, and the mass separated from the juice by submit- 
ting it to the same procedure used for the Lumbricus terrestris extract. A clear, red 
purified solution may be obtained by filtration of the extract through Filter-Cel. 
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UUracenirijugalion, In this case quantity ultracentrifugation was not 
practical as a method of purification, since a preliminary run with the an- 
alytical centrifuge indicated a molecular weight which is smaller than that of 
vertebrate hemoglobin. This agrees with the finding of Svedberg (1) that 
the erythrocruorin of another Glycera species, viz., Glycera goesi, has a 
sedimentation constant of 3.5 (m.w. 34,000). A substance with such a 
molecular weight would require very long sedimentation times with a 
centrifuge of the type at our disposal. 

Electrophoresis, A .solution obtained by laking stored, frozen blood cor- 
pusclcs was examined in the electrophoresis apparatus of Tiselius with the 
aid of the 'Poepler schlieren method. The diagrams obtained by Longs- 
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and 120 cc. normal HCl. The denatured globin was filtered off and the acetone was 
removed by distilling under diminished pressure, at 35®C., until the crude hemin pre- 
cipitated. It was dissolved in 30 cc. of hot propionic acid, and 15 cc. of hot IICl (0.5 
per cent) were added. The red hemin, which crystallized out, was dried in an evacuated 
desiccator over sulfuric acid. The yield was 62 mg. of hemin. Blood worm hemin 
crystallizes in a form identical with that of mammalian hemins. 

Prcparaiioti of the Mesoporphyrin Dimethyl Ester of Glycera Hemin. 29.6 mg. of 
hemin were dissolved in a mixture of 1.5 cc. HI (sp.gr. 1.7) and 7 cc. glacial acetic acid, 
and boiled for 1 minute following the procedure of Fischer and Kogl (8). After cooling 
to room temperature the mixture was poured into 20 cc. of water containing sodium 
sullite and sodium acetate. The porphyrins formed were extracted with ether. The 
mesoporphyrin fraction was extracted from the ether with 2 per cent HCl. After 
neutralizing with NaOH the mesoporphyrin was again taken up in ether. The ether 
solution was dried overnight with sodium sulfate and then evaporated at room tempera- 
ture under diminished pressure. The mesoporphyrin crystals thus obtained were 
treated with 15 cc. of freshly prepared, dry methyl alcoholic HCl for 24 hours. The 
methyl alcohol and HCl were then distilled off under diminished pressure. The violet 
residue was taken up in a few cc. of chloroform and diluted with ether. From the chloro- 
form-ether mixture the ester was extracted with HCl (5 per cent), and, after neutralizing 
with NaOH, it was reextracted with ether. The ether was washed several times with 
water and allowed to stand overnight with sodium sulfate. It was evaporated under 
nitrogen. A violet, crystalline substance with a melting point of 212®C. (uncorr.) was 
obtained. The melting point of the ester when mixed with an authentic sample of the 
synthetic ester prepared in Prof. H. Fischer’s laboratory, showed no depression. 

Mesoporphyrin dimethyl ester, prepared from Glycera hemin: m.p. 212.5®C. 

Mesoporphyrin IX, dimethyl ester, synthetic (H. Fischer), m.p. 212°C. 

Mixed melting point 2n.5°C. 

The absorption spectra of the two preparations in ether were identical. 
The absorption bands were found to be at: 

I. 490-505 II. 530 III, 570 IV. 630 m/x for the Glycera ester; 

I. 490-505 II. 530- 535 III. 570 IV. 630 m/x for the synthetic ester. 

Spectra of Glycera Erythrocruorin and Derivatives. A solution of 0.2 
per cent erythrocruorin was compared with a 0.1 per cent solution of human 
hemoglobin. After addition of potassium ferricyanide both solutions 
showed the ferrihemoglobin band at 640 m/x, which was shifted to 610 m/x 
by the addition of sodium fluoride at pH 5 in phosphate buffer. Both 
solutions showed identical bands at 585 and 545 m/x, after the addition of 
sodyam hydrosulfite. The carbon monoxide compounds of human hemo- 
globin and Glycera erythrocruorin showed identical absorption spectra: 
I. 570 II, 535 m/x. The ferrierj'^throcruorin showed a brown color, car- 
bon monoxide erythrocruorin was cherry red; both were similar in color to 
the corresponding hemoglobin compounds. 
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Rate of Dissociation of Oxyerytkrocruorins 

These experiments were kindly performed by Mr. DuBois with the aid 
of his recording reaction meter (3). 

As Roughton and Millikan (9) have shown, the rate of the spontaneous 
breakdown of oxyhemoglobin into oxygen and hemoglobin may be measured 
by introducing NajStOi into the system. In this instance NaaSiOi does not 
act as a reducer but it merely absorbs those 0* molecules which are liber- 
ated by the spontaneous dissociation. Consequently the observed rate is 
independent of the concentration of the h)rposulfite (9). In the present 
experiments the NaiSi 04 concentration was 0.5 per cent in borate buffer. 

A solution of human hemoglobin of 0.2 per cent Hb was used as the con- 
trol. The actual concentration of hemoglobin during the reaction was 0.1 
per cent. The solutions of worm hemoglobins used were matched by color 
with the human hemoglobin solution. For the human hemoglobin, when 
measured at 27°C. and at pH 8.37, the tn value (== half time of reaction) 
was 0.027 second. The Lutnbricus erythrocruorin was measured at 23"C. 
and at pH 8.0; the ho value obtained here was 0.070 second. The solution 
was opalescent. The photographic record showed only a relatively small 
deflection. The Glycera erythrocruorin was measured at 28®C. and at 
pH 8.62; the ha value obtained was 0.027 second; i.e., identical with that 
found for human hemoglobin. 


3. Erythrocruorin of Nereis virens 

The oxyerythrocruorin of this worm shows absorption bands identical in 
position with those of human oxyhemoglobin. Addition of potassium 
ferricyanide produces a ferricompound reacting in the typical fashion with 
fluoride The carbon monoxide compound shows a spectrum identical 
with human carbon monoxide hemoglobin. The pyridine hemochromogen 
spectra of the two pigments are identical. The Nerets pigment was pre- 
Mred in an analogous way as described for the erythrocruonns of Lumbrtc^ 
terrestris and of iycera dihranckiata, and was also purified by ultr^entrfu- 
Mtion The supernatant shows a dark, brown color. The red pellets 
obtained by ultracentrifugation dissolved readfly m water. 

DISCUSSION 

The faculty to synthesize iron porphyrin com^unds is found in uni- 

•mole which have hemocyanin as their respiratory pigment, hemm is 

Ifcmto occurs in ertato 
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respiratory pigments (hemoglobin, erythrocruorin), in myoglobin, in cyto- 
chrome c, and as the prosthetic group of catalase. The difference in the 
chemical and physical properties of these chromoproteins depends on the 
specific protein with which the hemin nucleus is combined, the number of 
hemin groups present in the molecule, and the character of their linkage to 
the protein part. 

Ampkioxus lanceolaius contains no hemoglobin (11) and the Cyclostomata 
contain hemoglobin of a low molecular weight (1). All other vertebrates, 
however, contain hemoglobin of the molecular weight of 68,000. Anson 
et al. (4) have pointed out, that significant differences exist in the position 
of the bands of human hemoglobin and of that of the insect Chironomus. 
These differences are to be attributed to the protein part of the molecule, 
since the prosthetic group of the Chironomus pigment is identical with 
protoheme IX (12). 

The worms are the only class of invertebrates, in which hemoglobin is 
widely distributed. Two types of hemin have been found in worms: the 
green-red Spirographis hemin and the red protohemin. The constitution 
of Spirographis hemin has been shown by Warburg and his coworkers (13) 
and by Fischer and von Seemann (14) to be that of 1 ,3,5,8, tetramethyl- 
2 formyl, -4 vinyl porphin,6,7, dipropionic acid. It is very similar to 
hemin IX and is also derived from etioporphyrin III. 

The present experiments show that the hemin of Glycera is identical with 
that of the vertebrates. The differences in chemical and physical chemical 
properties of the respiratory pigment of Glycera and that of the vertebrates 
must therefore be attributed to the protein part of the molecule. 

By comparing the half time, tu, of dissociation as measured for human, 
Glycera, and Lumbricus oxyhemoglobin with the half time measured for 
hemocyanins of different molecular sizes, one finds in accordance with 
Millikan (15), that the order of magnitude of the reaction is the same, 
even when the molecular size of the pigments is greatly different. It seems 
that the dissociation time of oxygenated respiratory pigments bears no 
relation to the structure of the prosthetic group of the molecule and is also 
independent of the living conditions of the species. Whether this is a 
general rule cannot be definitely stated before additional measurements on 
the^dissociation rate of other respiratory pigments are available. 

SUHMAKY 

1. Two high molecular invertebrate hemoglobins (the erythrocruorins 
of Lumbricus terrestris and of Nereis wrens) as well as the low molecular 
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ery throcruorin of Glycera dibranckiata Ehlers were studied. Their physical 
chemical properties were compared with those of vertebrate hemoglobin. 

2. The hemin of the blood pigment of Glycera dibranckiata Ehlers was 
shown to be identical with that of vertebrate hemoglobin. 

3. The dissociation rates of Glycera and human oxyhemoglobin were 
measured in the reaction meter of DuBois and /u (half time of the reaction) 
was found to be identical (0.027 second) for the two pigments. The tw 
value for the high molecular Luntbricus erythrocruorin was 0.070 second. 

4. The chemical constitution and physical chemical properties of ery- 
throcruorins were compared with those of vertebrate hemoglobin and of 
hemocyanin. 

The author wishes to thank Dr. Kurt G. Stern for his advice and aid 
given throughout this investigation. 
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STUDIES ON THE LACTASE OF ESCHERICHIA COLI 
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A yeast capable of fermenting lactose was first described by Adametz 
(1889). He found it in his studies on the microorganisms of cheeses and 
gave it the name Saccharomyces lacHs. In the same year Beijerinck work- 
ing with two species of yeast, Saccharomyces kefir and S. tyrocola, succeeded 
in demonstrating in the filtrate of his cultures a lactose-hydrolyzing enzyme, 
which he named “lactase.” 

Following these investigations lactases were soon detected in many yeasts, 
molds, bacteria, and in animal tissues. In 1896 Fischer and Niebel voiced 
the opinion that hydrolysis had always to precede the fermentative decom- 
position of lactose. From their study of the structure of carbohydrates 
they concluded that the enzyme concerned must be specific for the alpha- 
glucose-bcta-galactoside linkage of milk sugar. Due to more recent work, 
however, the validity of these assumptions has become rather questionable. 

Lactases are widely distributed in the plant and animal kingdoms. Euler 
(1922) in reviewing the literature on this subject points out that they are 
always found in the intestinal tract of young mammals but decrease mark- 
edly with age. As to their occurrence in the pancreas there is no agreement 
among the various authors. More recently Cajori (1935) has reported a 
lactase from the dog’s liver. 

Bierry and Ranc (1909) found a lactase in the gastrointestinal tract of 
the edible snail. Helix pomatia, and Wigglesworth (1927) reported it from 
the midgut of the cockroach, Periplaneta americana. It is, however, very 
doubtful whether these lactases are identical with those of higher animals, 
and the same holds for the lactases of higher plants, most frequently encoun- 
tered in the family Rosaceae. The best known example in this group is the 
enzyme emulsin of bitter almonds, which can hydrolyze lactose as well as 
beta-glucosides. 

Various species of yeasvS, molds, and bacteria are capable of fermenting 
lactose and may contain lactases. Such have been found in Aspergillus 
niger and A. oryzae by Hofmann (1934a), in Diplococcus pneumoniae by 
Fleming and NeOl (1927 a), in Clostridium perfringens by the same authors 
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(19276), in Escherichia coli by Lowenstein, Fleming, and Neill (1929), and 
in Escherichia coli muiahile by Hershey and Bronfenbrenner (1936) and 
Deere, Dulaney, and Michelson (1936). The presence of lactases in these 
organisms, however, does not necessarily mean that hydrolysis of the lactose 
into its constituent sugars has to precede fermentation. The evidence ob- 
tained by Willstatter and Oppenheimer (1922) for lactose yeast, by Wright 
(1936) for Streptococcus thermophiluSy and more recently by Leibowitz and 
Hestrin (1939) for maltose yeast points very strongly to the possibility of 
direct fermentation of lactose and other disaccharides under certain 
conditions. 

Escherichia coli was selected for a general study of its lactase, special 
emphasis being placed on the kinetics of enzyme action, heat inactivation, 
and the behavior of the enzyme toward some reducing and oxidizing agents 
and salts of heavy metals. 


EXPERIMENTAL 

L Preparation of the Enzyme Solution 

Fleming and Neill (1927) were successful in obtaining cell-free extracts of carbo- 
hydrases from pneumococci by subjecting them to repeated freezing and thawing. 
In this process zymases were destroyed, while the activity of the hydrolytic enzymes 
was preserved. This method is very tedious and time-consuming and therefore was 
not investigated further. 

Hofmann (1934 6, c) obtained active lactase preparations from E, coli and B. deU 
brukii by treating the bacteria with an alcohol-ether mixture and then drying them 
at room temperature. This method was found to be unsatisfactory in our hands largely 
because of the susceptibility of the enzyme itself to the solvents used. The activity 
of preparations of lactase so obtained was very low and decreased on prolonged contact 
with alcohol, which sometimes was unavoidable. 

To obtain appreciable amounts of enzyme, masses of E, coli were grown on standard 
meat extract agar in which 1.5 per cent of lactose had been incorporated. After 48 
hours incubation the organisms were washed off with a physiological salt solution, con- 
taining 1 per cent of toluene, and subsequently centrifugated. This procedure was 
repeated three times in order to reduce to a minimum the concentration of adhering 
metabolic waste products. The resulting suspension contained 6 X 10^^ organisms 
per ml. It was treated with an additional amount of toluene bringing the total con- 
centration of the latter up to 5 per cent. Toluene serves three purposes: (1) It acts 
as a preservative, (2) it inactivates the zymase complex without affecting the lactase 
(Willst&tter and Oppenheimer, 1922), and (3) it destroys the semipermeability of the 
cell walls, bringing about a gradual autolysis of the bacteria. 

Several attempts were then made to obtain a cell-free enzyme preparation. As was 
mentioned above it was found that the lactase apparently was very susceptible to alcohol 
and ether. It was also completely inactivated on dehydration with acetone. When a 
toluene-treated cell suspension was incubated overnight at 37^C. a dry gelatinous sub- 
stance was obtained. This was removed and ground to a powder, the relative activity 
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of which, as determined by a method to be described later, was found to be 82 per cent 
of that originally present in the bacterial suspension. 

The dried powder, consisting of whole cells and cell fragments, was subjected to 
more rigorous autolysis. Measured portions were suspended in m/15 phosphate buffer 
solutions of pH 7.0, 8.0, and 9.0 and incubated overnight at temperatures of 37^C. 
and 46®C. They were then centrifugated and supernatants and sediments tested for 
lactase activity. The opaque supernatant fluids were practically inactive, whereas 
the precipitates still exhibited a marked activity though less than that olthe dry powder, 
probably because of the severity of the treatment to which they had been subjected. 
A microscopical examination revealed that practically all bacterial cells were disinte- 
grated, and only cell fragments were present. The enzyme, apparently, adhered to 
these cell fragments. 

These observations are contrary to reports by Karstrbm (1930), who obtained cell- 
free lactase preparations from £. coli by suspending the dried organisms in phosphate 
buffer solution of pH 7.0. They are, however, in agreement with results reported by 
Hershey and Bronfenbrenner (1936), who were unable to separate the enzyme from the 
bacterial cell and therefore concluded that it was an intracellular water insoluble enzyme. 

In another experiment equivalent amounts of toluene-treated cell suspension were 
exposed to the action of trypsin and papain. In both instances lactase activity was 
destroyed. 

Finally, 120 ml. of bacterial suspension were ground for 18 hours in a ball mill devised 
by Krueger (1933). But again lactase was inactivated. 

In view of these experiences it was decided to use the original cell suspension in all 
subsequent experiments, and it will be referred to in this report as ^'enzyme solution” 
or coli lactase” inasmuch as it was solely employed for hydrolyzing lactose. This 
preparation was stored in an icebox at 5^C. where its activity decreased only slightly 
during the course of several months. 

2, Materials and Methods 

^Standard sugar solutions: 1 gm. of lactose hydrate and glucose, respectively, were 
dissolved in 100 ml. of distilled water and a few drops of toluene added. 

'^Throughout the course of the experiments dilutions were prepared from these standard 
solutions, 1 ml. of which contained 10 mg. of the respective sugar. 

The Folin-Wu method (1920) for blood sugar determination was chosen as best fitted 
for measuring the total amount of sugar present before and after hydrolysis by the 
enzyme. 

Experiments were conducted as follows: The desired dilution of the standard was 
prepared by the use of m/15 phosphate buffers of measured hydrogen ion concentration. 
One-tenth ml. portions of enzyme preparation were added to 5 ml. of lactose solution 
and the tubes shaken in a water bath at 36®C. for a certain length of time. Thereupon, 
they were centrifugated for 30 minutes and the supernatant liquid used for sugar deter- 
mination. 2 ml. were pipetted into Folin-Wu sugar tubes, 2 ml. of copper solution 
added, and the tubes then placed in boiling water for 8 minutes. After cooling 2 ml. 
of color reagent (phosphomolybdic acid) were added, the tubes made up to a volume 
of 25 ml. with water, and the resulting color compared with that of a standard. 

In preliminary readings, employing glucose and lactose solutions of different concen- 
trations, it was found that 1 mg. of lactose corresponded to 0.504 mg. of glucose. In 
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all eiq>enments, thereftne, tlw values obtained have been oQtressed in terms of glucose 
or total reducing sugar on the basis of the above empirical determination. 

For example, if the initial concentration of lactose is 1/40 of that of the standard 
solution, s.e. 2 ml. contain 0.5 mg. of lactose, ii will be read as 0.252 mg. of glucose or 
total reducing sugar, a glucose solution being always used as the standard for com* 
parison. 

- ' For each experiment a parallel control had to be set up since most of the chemicals 
whose effect on the enzyme was to be tested were oxidizing or reducing agents, and the 
enzyme solution itself slightly reduced copper sulfate. For this purpose corresponding 
amounts of em^^me and chemical reagent were added to 5 ml. of phosphate buffer solu- 
tion and the reducing values obtained then subtracted from the total. 

Finally, a correction for volume had to be made to an extent dependent upon the 
amount of enzyme solution and chemical reagent added. 

It was impossible to maintain a perfectly uniform rate of hydrolysis for the duration 
of the experiments. The values fluctuate between 51 and 59 per cent hydrolysis per 
hour for a 1/40 lactose solution. This circumstance, however, was not regarded as of 
importance inasmuch as the problem selected concerned merely the comparative study 
of rates of reaction as affected by hydrogen ion concentration, temperature, and chemicals. 

RESULTS 

i. The Effect of Hydrogen Ion Concentration 

Optimal conditions with regard to hydrogen ion concentration differ 
for lactases from various sources (Oppenheimer, 1935). 

To determine the effect of pH on the activity of E. coli lactase, experi- 
ments were carried out as follows: m/ 1S phosphate buffer solutions of 
different pH were prepared and their hydrogen ion concentration checked 
by means of a glass electrode. They were then used to make up lactose 
solution of a concentration of 1/40 with respect to the standard (0.252 mg. 
of total sugar per 2 ml.). 

As described above, 5 ml. were then mixed with 0.1 ml. of enzyme prep- 
aration and shaken in a water bath at 36°C. for 1 hour, and the reducing 
sugar was determined. The results are given in Table I. 

The values are plotted in Fig. 1. 

The results indicate that the activity of the enzyme is markedly reduced 
by slight acidity but much less affected by alkalinity of the medium. The 
optimiun pH for the time period and temperature given seems to extend 
over the range between 7.0 and 7.5. Consequently, all subsequent experi- 
ments were carried out at a pH of 7.5. 

Jk 

2. The Mechanism of Enzyme Action 

Michaelis and Menten (1913) worked out general rate laws for the action 
of invertase on sucrose by assuming a chemical combination of the enzyme 
with its substrate as the governing step in the hydrolysis of the sugar. 
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The enzyme-substrate equilibrium can be represented by the equation: 

_ 00(5) 


TABLE I 

Effect of pH on the Degree of Hydrolysis of Lactose by E. coU Lactate 


pH 

Amount of toUl tug ar 

Hydrolyiii 

Ratio of activity to that 
of maiimum activity 


mg, Pir 2 wU. 

ptremU 


5.0 

0.254 

0.8 

0.01 

6.0 

0.357 

41.7 

0.71 

6.5 

0.386 

53.2 

0.91 

7.0 

0.399 

58.3 

0.99 

7.5 


58.7 

1.00 

8.0 

0.393 

56.0 

0.95 

9.0 1 

0.381 

51.2 

0.87 



Fig. 1. Effect of pH on the rate of hydrolysis of lactose by E. coli lactase. 

where (E) and (ES) refer to the concentration of free and combined enz^e 
respectively and (5) to the concentration of the substrate. 

The constant k, could be determined by simple mathematical calculation, 
leading to the equation 


V 


(5) 


V. 
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in which v represents the initial velocity at the substrate concentration 
(S), Vm the maximum velocity, k„ therefore, being equivalent to the sub- 
strate concentration at which half the limiting velocity is reached. 

Lineweaver and Burk (1934) developed graphic methods for determining 
dissociation constants of enzyme-substrate, compounds. Since in some 
cases one molecule of enzyme reacts with several molecules of substrate they 
modified the Michaelis-Menten equation accordingly: 

. (E) (S)- 

(ESn) 

and 

(5)« 

Vm “ (S)- -I- i. 


The latter equation can then be written 


1 , t, 1 

* “ F,(5)» Vm’ 

in which the maximum velodty, and k, are constant. 

A plot of - against must therefore give a straight line for some in- 

V 

tegral value of n. The intercept of this line on the - axis is and its 

V Vm 

k, 

slope In this fashion, then, the constants are easily determined. 
y m 

When the above equation is multiplied by (5)" it assumes the form 
~ ' ®y plotting against (5)“ a straight line is again 

V Vm Vm V 

obtained. The intercept on the — axis is — and the slope is — . 

» Vm Vm 


The latter plot is not only of importance in checking the values obtained 
by the former but also in discovering any departure from a straight line 

due to substrate inhibition. In such a case plots of against (S)" give 


curves that rise concavely with increasing substrate concentration. 

'fhe following solutions were prepared: 

(a) A 1/10 dilution of the standard (2 mg. of lactose per 2 ml. = 29.3 X 
10“^) 

(b) A 1/20 dilution of the standard (1 mg. of lactose per 2 ml. = 14.6 
X 10"^) 
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(c) A 1/40 dilution of the standard (0.5 mg. of lactose per 2 ml. =» 7.3 X 
10-<m) 

(d) A 1/60 dilution of the standard (0.33 mg. of lactose per 2 ml. = 4.9 
X IO-^m) 

The results of hydrolysis after 30 and 60 minutes are given in Table II. 

Upon plotting 1/v against l/5and5/t; against 5 practically straight lines 
were obtained. (See Figs. 2 and 3.) Consequently, it can be concluded 
that one molecule of enzyme combines with one molecule of lactose as is 
the case with all the other carbohydrases so far investigated. 


TABLE II 

Rate of Hydrolysis of Varying Concentrations of the Substrate 



Amount of total 
sugar 

Velocity 

l/t (av.) 

1/3 

3/f 


mg. per 2 ml. 

per min. 




1. Substrate A 






30 min. 

1.164 

0.0053 

192 

0.5 

384 

60 « 

1.312 

0.0051 




2. Substrate B 






30 min. 

0.628 

0.0041 

260 

1.0 

260 

60 

0.722 

0.0036 




3. Substrate C 






30 min. 

0.332 

0.0027 

392 

2.0 


60 “ 

0.394 

0.0024 



196 

4. Substrate D 






30 min. 

0.233 

0.0022 

500 

3.0 

167 

60 “ 

0.273 

0.0018 





The intercept on the l/v axis is at 138, hence Vm = 1/138 = 0.0072 mg. 
per 2 ml. per minute. 

K, VmX dope » 0.0072 X 132 - 0.95 mg. per 2 ml. - 13.9 X 10 ~*m or 0.00139 

Vm and k„ as evaluated from the second plot, are somewhat higher. 

The intercept on the S/v axis is at 132 = ktfVm- 1/Fm = 130, hence 
Vm = 0.0077 and k, = 1.02 = 14.9 X 10-^m, or 0.00149. 

From these plots it may be inferred that the substrate has no inhibiting 
effect on the rate of hydrolysis by the enzyme. 

To determine the effect of different concentrations of E. coli lactase on 
the rate of hydrolysis of lactose an experiment was set up in the ordinary 
way, using a 1 /40 lactose solution but adding varying amounts of enzyme 
preparation. The results are recorded in Table III. 

Plotting the figures of the third column against those of the first gives 
practically a straight line (Fig. 4). This may be also expressed in a mathe- 
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matical fonn by the equation: ^ where x represents the amount 

hydrolyzed, E the en 2 yme concentration, and t the time, which in the 
above esqperiment was constant; viz., 1 hour. It is at once evident that 


TABLE m 

Hydrolysis by Varying Btayme Concentrations 


Amount of enzyme 

Amount of total lugar 

Amount hydrolyzed (s) 


Schatz constant 

Ml. 

mg. pwZml, 




0.05 

0.319 

0.067 

1.34 

0.30 

0.10 

0.3 S 3 

0.131 


0.41 

0.15 

0.452 

0.200 


0.52 

0.20 

0.499 

0.247 


0.53 



the values for K fit the above data far better than those for Ki, the so called 
Schiltz constant (1885). Analogous results with yeast lactase were reported 
by WillsUltter and Oppenheimer (1922). In view of the fact that, as has 
been shown previously, a definite equUibrium between enzyme and sub- 
strate is established the products of reaction apparently do not decrease 
the rate of hydrolysis. 
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3. Kinetics of Lactose Hydrolysis by E. coli Lactase 

The hydrolysis of lactose by E. coli lactase follows a course between a 
zero and first order reaction which is quite common for hydrolytic enzymes. 
Michaelis and Menten (1913), confronted with such difficulty in the 



Fig. 5. Relation between substrate concentration and the rate of hydrolysis. 

case of invertase, showed that its action could be expressed by a formula 
that is actually a combination of zero and first order equations. 

Zero order: k ht 

a 

First order: In ■■ 

a — * 

a 

Michaelia-Menten equation: Vm$ In 

O — 3C 

Essentially the same formula was derived by Van Slyke and Cullen 
(1914) for the action of urease on urea. Barendrecht (1913) showed that 
it al§o held for lactase prepared from yeast. 

As suggested in the original paper of Michaelis and Menten, the data of 
Table II have been presented graphically in two ways. In Fig. 5 the 
amoimt hydrolyzed (») is plotted against time (f). It is readily seen that 
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for the highest concentration a straight line is obtained indicating that the 
zero order reaction holds in this case which is in agreement with Michaelis 
and Menten’s observations. 

— 

In Fig. 6, X + 2.3 k, log a-x is plotted against time, and practically 
straight lines result, at least for the 1st hour. Only in the case of the 1/40 
lactose solution were additional data for the 2nd hour available (* = 0.185 



Fig. 6. Kinetics of the hydrolysis of lactose by E. colt lacta.-.c. 


after 1.5 hours and x = 0.214 after 2 hours), and these, too, follow prac- 
tically a straight line. Hence, one can draw the conclusion that hydrolysis 
of lactose by E. coli lactase approximates the reaction course of the in- 
tegrated Michaelis-Menten equation. 

4. TIte Effect of Temperature 

5 ml. of a 1/40 lactose solution were incubated with 0.1 ml. of ensjyme 
preparation for 30 minutes at 26°C., 36“C., 46°C., and 56°C. after preheat- 
ing the enzyme for 5 minutes at the respective temperature. Table IV 
shows the results obtained. 
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The recorded drop of lactase activity between 36^C. and Sb^C. may be 
attributed most probably to a more rapid heat inactivation of the enzyme 
at the higher temperatures. 

To elucidate this point further a few experiments were set up designed to 
determine the rate of enzyme destruction at different temperatures. Test 
tubes containing measured amounts of enzyme solution were immersed in 
a water bath at the desired temperature which was closely controlled. 


TABLE IV 

Effect of Tentperaiure on the Degree of Hydrolysis of IjKtose by E. colt Lactase 


Temperature 

Amount of total sugar 

Hydrolysis 

Ratio of activity 


mg. per 2 ml. 

per cent 


26 

0.295 

17.ll 


36 

0.330 

31.0/ \ 

1 .oi 

46 

0.379 

50.4 h 

X * Ow 

n 

56 

0.249 

0 / 

u 


TABLE V 


Rates of Heal Inactivation of E. coli Lactase at Different Temperatures 


Temperature of 
preheating 

Time of preheating 

Amount of total sugar 

Amount hydrolysed 

First order constant 

•c. 


mg, per 2 ml. 



45 

0 

0.379 




15 

0.354 


0.0146 


20 

0.345 


0.0156 


30 

0.332 

0.080 

0.0154 

53 

0 

0.379 

0.127 



3 

0.336 

0.084 



5 

0.319 

0.067 

BliH 


7 

0.300 

0.048 

mem 


After heating for varying times the tubes were placed in ice water to check 
as quickly as possible further destruction of enzyme. The residual lactase 
activity was then determined in the ordinary way of mixing 0.1 ml. of en- 
zjrme preparation with 5 ml. of a 1/40 lactose solution and shaking it in a 
water bath of 36®C. for 1 hour. The results of experiments carried out at 
temperatures of 4S‘’C. and 53®C. are given in Table V. 

It was found that thermal inactivation of E. coli lactase followed the 
equation of a simple first order reaction : 

2.3 log A,/ A - kt, 
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where i4o is the activity of the unheated enzyme solution, in other words, 
the amount hydrolyzed under ordinary conditions, A the activity of the 
enzyme heated for the time /, and k the constant of heat inactivation. 

The average values for k are thus 0.01S2 at 45®C., and 0.135 at S3®C. 
They can be determined also by plotting log A against / as has been done in 
Fig. 7. 

It is at once evident that the rate constant for heat inactivation changes 



Fig. 7. Rate of heat inactivation of E, colt lactase. 

very considerably with a relatively small change in temperature. Similar 
observations have been made with all the enzymes so far investigated, 
and they are in close agreement with those reported with regard to the de- 
naturation of proteins. 

Destruction rates are best considered in their relation to the correspond- 
ing “heats of enzyme inactivation.’^ These latter values, known as “critical 
thermal increments,” can be calculated with aid of the van’t Hoff- Arrhenius 
equation 


dink AH 
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in which k is the reaction velocity constant, T the absolute temperature, 
12 the gas constant, and Aff the “critical thermal increment.” 

Integrated between the limits T% and Ti, the above equation assumes the 
following form: 




Since ki = 0.0152, kt = 0.135, Ti = 318°, T, = 326°, and R = 1.99 
calories, the value of A£f is calculated as 56,400 calories per mol. 

This thermal increment is of the same order of magnitude as those meas- 
ured in protein denaturation and hence indicates the possibility that E. coli 
lactase may be a protein. Besides, previously cited experiments on de- 
struction of lactase activity through the agency of trypsin and papain 
constitute another strong evidence for the protein nature of the enzyme. 


5. Activation and Inhibition by Chemicals 

Inhibition phenomena have been most thoroughly investigated with re- 
spect to the action of yeast invertase on cane sugar. 

Among others, Euler and Svanberg (1920) and Myrback (1926) have 
studied in great detail the inactivation of this enzyme by various chemical 
reagents. From the results of his exjjeriments Myrback has derived some 
tentative conclusions as to the nature of the groups that enable the enzyme 
to decompose its substrate. According to him, an acidic, a basic amino, 
and an aldehydic group are parts of the invertase molecule concerned with 
the hydrolysis of cane sugar. He found no evidence that sulfhydryl was 
an essential group. 

Only recently, however, Manchester (1939) noted an acceleration of 
invertase activity due to the addition of potassium cyanide which is in 
close agreement with the results obtained for E. coli lactase. As will be 
discussed later this may point to the presence of SH groups in the enzyme 
molecule. 

Activation and inhibition of E. coli lactase is produced by a variety of 
chemical agents (see Tables VI-XIII). All e3q)eriments were carried out 
at 36°C. and at a pH of 7.5 for a period of 1 hour. The substrate, as usual, 
was 5 ml. of a 1/40 lactose solution. One-tenth ml. of enzyme preparation 
wa^ at first treated with the chemical agent whose action on the rate of hy- 
drolysis was to be determined, by incubation for about 15 minutes and then 
added to the substrate. 
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6. Attempted Reactivation 

Von Euler and Svanberg (1920) succeeded ,in reactivating, by means of 
hydrogen sulfide and sodium cyanide, yeast invertase poisoned by heavy 
metal salts such as silver nitrate and mercuric chloride. A similar reactiva- 
tion of the protease papain is well known. It was demonstrated first by 
Vines (1902) and Mendel and Blood (1910) and later by many other in- 
vestigators. 

Only recently, however, were Hellerman, Perkins, and Clark (1933) 


TABLE VI 

Activation by Potassium Cyanide 


Amount of KCN added 

Amount of total augar 

Hydrolysis 

Ratio of activity to that 
of untreated enzyme 


mg. pv 2 ml. 

p§r am 


None 

0.391 

55.2 

1.00 

0.1 ml. lO-^M 

0.388 

54.0 

0.98 

0.1 ml. i(r-*M 

0.418 

65.8 

1.19 

0.1 ml. 10-*it 

0.433 

72.2 

1.31 

0.1 ml. 10->ii 

0.381 

51.2 

0.93 


TABLE Vn 

Activation by Sodium Sulfide 


Amount of NasS added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to that 
of untreated enayme 


mg. per 2 ml. 

percem 


None 

0.380 

51.2 

1.00 

0.1 ml. 10-Si 

0.382 

51.6 

1.01 

0.1 ml. 10"*M 

0.422 

67.4 

1.32 

0.1 ml. 10"*M 

0.412 

63.5 

1.25 


and Hellerman and Perkins (1934) successful in restoring to normal the 
activity of urease and papain by suitable reducing agents after a preceding 
inactivation by salts of heavy metals and oxidants. 

On the basis of these findings analogous experiments were set up with 
E. coli lactase. They were carried out as usual, the enzyme, however, 
being treated first with the inhibiting, then with the reducing agent, each 
for about 15 minutes. 

The results are given in Table XIV. 

E. coli lactase was irreversibly inactivated by most of the enzymic 
poisons used, in contrast to yeast invertase, urease, and papain. (See 
Table XIV.) 








TABLE Vin 


Activation by Cysteine* 


Amount of cyttdne added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
ensyme 


air* 

per etni 


None 

0.389 

54.4 

1.00 

0.1 ml. 1.8 X lO-hi 

0.388 

54.0 

0.99 

0.1 mL 4.5 X 10-hi 

0.416 

65.1 

1.20 

0.1 ml. 9.0 X 10-*ic 

0.413 

64.2 

1.18 


* Dilutions were prepared from Pfanstiehl’s cysteine hydrochloride adjusted to 
pH 7.0. 


TABLE IX 


Inhibition by Mercuric Chloride 


Amount of HgClt added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
ensyme 


Mg. per 2 ml. 

percent 


None 

0.395 

56.7 

1.00 

0.1 mL 10-^ 

0.395 

56.7 

1.00 

0.1 ml. 2.0 X 10-<u 

0.353 

40.0 

0.71 

0.1 ml. 3.3 X 10-*ii 

0.318 

26.0 

0.46 

0.1 ml. 5.0 X 10-S* 

0.282 

11.9 

0.21 

0.1 ml. 10-*1* 

0.250 

0 

0 


TABLE X 

Inhibition by Silver Nitrate 


Amount of AgNOi added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 


Mg. perZMt, 

percent 


None 



1.00 

0.1 ml. 10-*«f 



1.00 

0.1 ml. 3.3 X 10-^ 



0.43 

0.1 ml. 5.0 X 10-^ 

0.281 

11.5 

0.20 

0.1 ml. 10-hf 

0.252 to 0.260 

0 to 3.0 

0 to 0.05 


TABLE XI 


Inhibition by Copper Sulfate 


Amount of CuSOi added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
ensyme 

Nomf 

Mg. per 2 Ml. 

0.382 

per cent 

51.6 

1.00 

0.1 ml. lO-^K 

0.382 

51.6 

1.00 

0.1 ml. 2.0 X 10-*M 

0.351 

39.4 

0.76 

0.1 ml. 3.3 X lO-Si 

0.333 

32.1 

0.62 

0.1 ml. l(Hif 

0.262 to 0.270 

4.0 to 7.1 

0.08 to 0.14 
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TABLE XII 


Inhibilion by Iodine {Aqueous Solution in Potassium Iodide) 


Amount of Is addod 

Amount of total sugar 

Hydrolyais 

Ratio of activity to that 
of untreated enayme 


mg. pmt i ml. 

per cent 


None 

0.392 

55.6 

1.00 

0.1 ml. 10-^ 

0.392 

55.6 

1.00 

0.1 mL 10-hi 

0.324 

28.6 

0.53 

0.1 ml. 10-*if 

0.255 

1.2 

0.02 


TABLE Xm 


Inhibition by Hydrogen Peroxide'^ 


Amount of HtOt added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreatra 
enas^u 


mg, per 2 ml, 

percent 


None 

0.382 

51.6 

1.00 

0.1 ml. 2.0 X 10-»M 

0.383 

52.0 

1.01 

0.1 ml. 10-*M 

0.364 

44.3 

0.86 

0.1 ml. 10-‘K 

0.361 

43.3 

0.84 


' Dilutions were made from 30 per cent hydrogen peroxide (Merck's Superoxol). 


TABLE XIV 

Attempted Reactivation of E. coli Lactase 


Nature and amotmt of inhibitor 

Nature and amount of reducing 
agent 

Amount of 
total sugar 

Hydrolysis 

Ratio of 
activity to 
that of 
untreated 
engyme 

None 

None 

mg. per 2 
ml, 

0.382 

per cent 

51.6 

1.00 

0.1 ml. 10-* H HgClj 

None 


0 

0 

Same 

0.1 ml. 10“* ic KCN 


0 

0 

Same 

0.1 ml. 10-* M Na»S 

0.248 

0 

0 

0.1 ml. 10-* K AgNQi 

None 

0.252 to 

Oto 3.0 

Oto 0.06 

Same 

0.1 ml. 10-* If KCN 

0.260 

0.256 

1.6 

0.03 

Same 

0.1 ml. 10-* M NaiS 

0.251 

0 

0 

0.1 ml. 3.3 X 10“^ M AgNOs 

None 

0.311 

23.4 


Same 

0.1 ml. 10-* If Na»S 

0.311 

23.4 


0.1 ml. 10“* M CuS 04 

None 

0.262 

4.0 


Same 

0.1 ml. 10-* M KCN 

0.331 

31.4 


Same 

0.1 ml. 10-* If NbsS 

0.305 

21.0 


0.1 ml. 10-* M I* 

None 

0.255 

1.2 


Same 

0.1 ml. 10-^ H Na 2 S 

0.258 

2.4 


Same 

0.1 ml. 9 X 10”* H cysteine 

0.262 

4.0 


0.1 ml. 10-* u la 

None 

0.324 

28.6 

0.53 

Same 

0.1 ml. 10 ”*mNbsS 

0.324 

28.6 

0.53 

0.1 ml. lOr-* H HaO* 

None 

0.364 

44.3 

0.86 

Same 

0.1 ml. 10-* If NaiS 

0.377 

49.9 

, 0.97 

Same 

0.1 ml. 2 X 10-^ M KCN 

0.388 

54.0 

1.05 
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Similar observations with heavy metal salts have been reported recently 
by Winnick, Davis, and Greenberg (1940) with regard to asclepain, a pro- 
tease from the latex of the milkweed Asclepias speciosa. This en 2 yme is 
even inhibited by the practically insoluble sulfides of silver and mercury. 

In this respect E. coli lactase behaves differently. Equal amounts of 
10"’m solutions of mercuric chloride and silver nitrate and of a 10~*M 
solution of sodium sulfide were mixed and then added to the enzyme. 

Table XV gives the results obtained. 


TABLE XV 

Effect of Heavy Metal Sulfides on E. coli Lactase 


Nature and amount of chemicals 
added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 

None 

mg, per 2 ml, 

0.387 

ptrcmi 

53.6 

1.00 

O.lmL lO-^MAgNOs 
+0.1 ml. 10-*MNa*S 

0.402 

59.5 

1.10 

0.1 ml. 10-»iiHga* 
+0.1ml. 10-»MNa*S 

0.386 

53.2 

0.99 


DISCUSSION 

In its reaction course E. coli lactase obviously follows the general pattern 
of carbohydrases as best exemplified by yeast invertase. 

Studies of heat inactivation and destruction by proteases indicate its 
protein nature, but beyond this little can be said about the active groups 
of the enzyme molecule responsible for the decomposition of the substrate. 

It is doubtful how far Hellerman, Perkins, and Clark’s theory (1933) 
concerning the oxidation-reduction state of urease may be applicable to 
E. coli lactase. The above investigators postulated sulfhydryl groups to 
be part of the active enzyme molecule. They contended that oxidation of 
SH groups to the dithio-stage or the formation of mercaptides with heavy 
metal ions led to an inhibition of the enz 3 m[re studied. 

There seems to exist some analogy to their findings in the case of E. coli 
lactase. Its slight activation by reducing agents such as sulfide and 
cysteine and by cyanide and its readily reversible inactivation by hydrogen 
peroxide point to easily oxidizible and reducible radicals such as sulfhydryl 
groups. The same holds for yeast invertase. But if they play any r61e 
in this connection it is apparently of minor importance. Maybe they are 
protected in the lactase and invertase molecules or not as actively functional 
as in proteolytic enzymes. Groups other than sulfhydryl seem to be essen- 
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tial for enzyme action. Through them the enz 3 nne molecule apparently 
forms insoluble complexes with mercury and silver ions, whereas cupric 
ions are bound in a looser combination. 

As for the action of iodine one might speculate on the formation of addi- 
tion compounds such as have been suggested by Herriott (1936) in the case 
of pepsin. He was able to isolate diiodo-tyrosine from pepsin that had 
been inactivated previously by treatment with iodine. On the other hand, 
he noticed no appreciable oxidation of the enzyme by iodine. 

SUMMARY 

A “lactase solution” was prepared from Escherichia coli. The mechanism 
of its action has been studied and changes in the rate of hydrolysis under 
various conditions investigated. 

The hydrolysis of lactose by the enzyme approximates the course of 
reaction of the integrated Michaelis-Menten equation. One molecule of 
enzyme combines with one molecule of substrate. 

E. coli lactase is readily inactivated at pH 5.0, and its optimal activity 
at 36°C. is reached between pH 7.0 and pH 7.5. 

The optimal temperature for its action was found to be 46®C. when 
determinations were carried out after an incubation period of 30 minutes. 

Its inactivation by heat follows the course of a first order reaction, and 
the critical thermal increment between the temperatures of 45°C. and 53°C. 
was calculated to be 56,400 calories per mol. 

The enzyme is activated by potassium cyanide, sodium sulfide, and cys- 
teine, and irreversibly inactivated by mercuric chloride, silver nitrate, and 
iodine. 

After inactivation with copper sulfate partial reactivation is possible, 
while the slight inhibition brought about by hydrogen peroxide is com- 
pletely reversible. 

The possible structure of the active groups of E. coli lactase as compared 
with other enzymes has been discussed. 
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THE SULFHYDRYL GROUPS OF EGG ALBUMIN* 
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INTRODUCTION 

The first part of this paper describes a number of ways of estimating the 
SH groups of denatured egg albumin by measuring how much of a particular 
SH reagent is needed to abolish the SH groups and by measuring how much 
ferric^anide is reduced by the SH groups. The same titration value is 
obtained whether the SH groups are abolished by the oxidizing agents, 
ferricyanide and tetrathionate, or the heavy metal compound, ^-chloro- 
mercuribenzoate; whether the titration is carried out in a guanidine hydro- 
chloride solution or in a solution of Duponol PC, a detergent consisting of 
long chain alkyl sulfates; whether the abolition of the nitroprusside test or 
the reduction of ferricyanide is used as proof of the abolition of the SH 
groups. The same amount of ferricyanide is reduced by denatured egg 
albumin whether the reduction is carried out in a solution of guanidine 
hydrochloride, urea, or of Duponol PC. This agreement between the SH 
values obtained by very different procedures is strong evidence of the 
validity of the results. 

Ferricyanide is a particularly convenient titrating agent. It is readily 
available and stable. Under the conditions used ferricyanide reacts almost 
immediately with the SH groups of denatured egg albumin and yet does not 
react with other protein groups. Altogether, denaturation by guanidine 
hydrochloride or Duponol PC and oxidation of the SH groups by ferri- 
cyanide can be carried out in a few minutes. 

It is important to use reagents of suitable purity for the titrations in 
guanidine hydrochloride solution. I have found that some samples of 
guanidine hydrochloride and of protein contain impurities which bring 
about the atolition of SH groups and thus interfere with the nitroprusside 
test and the SH titrations in guanidine hydrochloride solution. A method 
has accordingly been worked out for obtaining pure guanidine hydro- 

* A brief account of the SH titration methods has already been published (Anson, 
1940 »). 
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chloride, and the techniques of the nitroprusside test and the SH titrations 
in guanidine hydrochloride solution have been so modified as to minimize 
interference by impurities. 

Whether or not the SH groups of native egg albumin react with a par- 
ticular SH reagent depends on which SH reagent is used. All the SH group>s 
of egg albumin can be abolished by reaction of the native form of the protein 
with iodine and some can be abolished by reaction of the native form of the 
protein with iodoacetamide (Anson, 1940 a) despite the fact that the SH 
group)s of native egg albumin do not give a pink color with nitroprusside 
(Heffter, 1907; Arnold, 1911), and are not oxidized by cystine (Mirsky and 
Anson, 1935), ferricyanide (Mirsky and Ansson, 1936), or porphyrindin 
(Kuhn and Desnuelle, 1938). The present experiments show further that 
^chJoromercuribenzoate, which combines firmly with the SH groups of 
denatured egg albumin, combines with native egg albumin either not at all 
or at least much more loosely than it combines with denatured egg albumin. 

The reactions of iodine and native egg albumin (Anson, 1940 a) have now 
been studied in more detail. It has been found that if a small amount of 
iodine is added in the cold, the SH groups of neutral native egg albumin are 
all abolished without oxidation of many of the SH groups beyond the S-S 
stage and without conversion of many tyrosine groups into di-iodotyrosine 
groups. If enough iodine is added, the SH groups are oxidized beyond the 
S-S stage, the S-S groups originally present are oxidized, and the tyrosine 
groups are converted into di-iodotyrosine groups. 

The present pictures of protein structure are not complete enough to 
provide detailed explanations of the various reactions of the SH groups of 
different native and denatured proteins with different SH reagents. The 
facts about the properties of protein groups such as SH groups, however, 
are important for the development of an adequate theory of protein struc- 
ture. 

The SH titrations in guanidine hydrochloride solution which were worked 
out with egg albumin can be applied to tobacco mosaic virus. Further- 
more, the SH groups of the virus, like the SH groups of egg albumin, can 
be abolished by reaction of the native form of the protein with iodine. No 
reaction other than the iodine reaction is known by which the SH groups 
of native egg albiunin and tobacco mosaic virus can be abolished. The 
discovery of the iodine reaction has thus made possible the study of the 
biological properties of tobacco mosaic virus which has been modified by 
oxidation of its SH groups by iodine. The chemical and biological experi- 
ments with tobacco mosaic virus, which were suggested by the experiments 
with egg albumin, will be described in other papers. 
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Preoious Estmations of the SH Groups of Denatured Egg Albumin . — ^The 
various procedures which have been used to estimate protein SH groups 
(Mirsky and Anson, 1935; Kuhn and Desnuelle, 1938; Greenstein, 1938; 
Anson, 1939) are all similar in principle to the methods used to estimate 
the SH groups of simple SH compounds such as cysteine and glutathione. 
SH reagents in general react less readily with protein SH groups than with 
the SH groups of cysteine. Some SH reagents, furthermore, can, under 
suitable conditions, react with protein groups other than SH groups. The 
problem, therefore, in the estimation of the SH groups of unhydrolyzed 
protein is to find conditions under which the SH reagent reacts with all the 
protein SH groups and no other groups. These conditions have apparently 
been fulfilled in the estimation of the SH groups of egg albumin by two 
methods which were developed from the earlier work. In the first method, 
one measures how much porphyrindin has to be added to denatured egg 
albumin in guanidine hydrochloride solution so that all the protein SH 
groups are oxidized and the protein no longer gives a pink color with nitro- 
prusside (Greenstein, 1938). In the second method, one measures how 
much ferricyanide is reduced by denatured egg albumin in a solution of the 
detergent, Duponol PC (Anson, 1939). 

Ferricyanide and porphyrindin are added to denatured rather than to 
the native egg albumin because native egg albumin does not reduce ferri- 
<yanide and porphyrindin at all. Guanidine hydrochloride or Duponol 
PC are added because in the absence of such substances not all the SH 
groups even of denatured egg albumin are rapidly oxidized by dilute ferri- 
cyanide and porphyrindin. The nitroprusside test is carried out in guani- 
dine hydrochloride solution but not in Duponol PC solution because the 
SH groups of denatured egg albumin give a strong pink color with nitro- 
prusside in guanidine hydrochloride solution but only a negligible pink color 
in Duponol PC solution. The ferricyanide reduction can be carried out in 
guanidine hydrochloride and urea solution as well as in Duponol PC solution 
but the estimation of the ferrocyanide formed as Prussian blue is less 
convenient than when the reaction is carried out in Duponol PC solution. 

Various tests were carried out by Greenstein and myself to show that 
ferricyanide and porphyrindin under the conditions used react specifically 
and completely with the SH groups of denatured egg albumin. Since no 
one of these tests is conclusive, the validity of the SH estimations has been 
tested by comparing the results obtained by different procedures. 

SH Titrations in Guanidine Hydrochloride Solutions. — In the porphyrindin 
titration as originally carried out (Greenstein, 1938) guanidine hydrochlo- 
ride is added to a neutral protein solution, the solution is allowed to stand 
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45 minutes, porphyrindin is added to the protein denatured by the gua mdi ne 
hydrochloride, and finally nitroprusside and ammonia are added to see 
whether enough porphyrindin has been added to oxidize all the SH groups. 

The new titrations in guanidine hydrochloride solution are carried out 
as follows. To 0.5 cc. of 2 per cent native egg albumin or tobacco mosaic 
virus there are added 0.1 cc. of neutral phosphate buffer, 0.5 cc. of ferri- 
cyanide, tetrathionate or ^-chloromercuribenzoate* solution, and 1.2 gm. 
of guanidine hydrochloride of tested purity. 3 minutes later test is made 
for the abolition of the SH groups either by seeing whether the protein 
gives a nitroprusside test in the presence of dilute cyanide or by seeing 
whether the protein can still reduce ferricyanide in Duponol PC solution. 
The concentration of titrating agent is foimd which just suffices to abolish 
the SH groups. 

The new titrations differ from the porph 3 nrindin titration in that different 
titrating agents are used; interference by impurities is minimized by using 
especially purified guanidine hydrochloride, adding the titrating agent 
before the guanidine hydrochloride, and carrying out the nitroprusside 
test in the presence of cyanide; the ferricyanide reduction test as well as the 
nitroprusside test is used to prove the abolition of SH groups; and the whole 
titration is carried out in the presence of phosphate buffer. 1 shall now 
discuss the reasons for the changes which have been made. 

In the new titrations ferricyanide, tetrathionate, and ^-chloromercuribenzoate are 
used as titrating agents instead of porphyrindin. The substitution of the ferricyanide 
and tetrathionate for porphyrindin makes the titration in guanidine hydrochloride 
solution safer and much more convenient. Porphyrindin is hard to prepare, unstable, 
and a dangerously strong oxidizing agent. Although porphyrindin reacts first with the 
SH groups of denatured egg albumin in guanidine hydrochloride solution it also in time 
reacts with other groups. Ferricyanide and tetrathionate are readily available and are 
weaker oxidizing agents than porphyrindin. 

The inclusion of mercuribenzoate as a titrating agent provides a good test for the 
SH specificity of the titration. Whereas porphyrindin, ferricyanide, and tetrathionate 
oxidize SH to S-S, mercuribenzoate combines with but does not oxidize SH groups. It 
is conceivable that the oxidizing agents might oxidize protein groups other than SH 
groups or that mercuribenzoate might combine with groups other than the SH groups. 
The SH group, however, is the only protein group known to react with both oxidizing 
^ agents and heavy metal compounds. 

Formaldehyde abolishes the SH groups of denatured egg albumin in guanidine hydro- 
chloride solution only if the formaldehyde is added in great excess. Formaldehyde 
cannot, therefore, be used as a titrating agent. 

The following observations show that some samples of guanidine hydrochloride con- 
tain impurities which bring about the abolition of SH groups and so interfere with the 


^ :H^oromercuribenzoate has been used as an SH reag^t by Hellerman (1937; 1939). 
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nitiopiusside test and that this interference can be dimioidied by cyanide. 5 mg. of 
denatured egg albumin gives a strong pink color with nitroprusside in guanidine hydro- 
chloride solution. I have found, however, that the pink color obtained is much stronger 
with some samples of commercial guanidine hydrochloride (Eastman or Hoffman-La 
Roche) than with others. When a guanidine hydrochloride is used which gives a weak 
color, then the color is weaker the more guanidine hydrochloride is used and the longer 
the denatured protein is allowed to stand in guanidine hydrochloride solution before 
the addition of nitroprusside. A sample of guanidine hydrochloride which gives a weak 
color gives a strong color if it is first recr 3 rstallized. If 1 drop of 0.1 n cyanide is added 
to the protein solution before the addition of guanidine hydrochloride, then a strong 
nitroprusside test is obtained with all samples of guanidine hydrochloride. Even when 
a strong nitroprusside test is obtained without cyanide, cyanide slows up the rate of 
fading of the pink color. On the other hand, the rate of fading can be enormously in- 
creased by adding an amount of copper sulfate equivalent to only 10 per cent of the SH 
groups present. The results which have been summarized do not definitely prove how 
the impurities in guanidine hydrochloride bring about the abolition of SH groups. 
They suggest, however, that the impurities are in part, at least, heavy metal compounds 
which catalyze the oxidation of the SH groups of denatured egg albumin by oxygen and 
that cyanide inhibits this oxidation of protein SH groups by oxygen by combining with 
the heavy metal impurities. It is known that heavy metal compounds can catalyze the 
oxidation of the SH of cysteine (references in Bemheim and Bemheim, 1939) and of 
denatured egg albumin (Rosenthal and Voegtlin, 1933) by oxygen. 

The cyanide added to diminish the effects of impurities in the nitroprusside test is 
too small in amount to cause any appreciable reduction of S-S to SH. Cystine and 
denatured egg albumin whose SH groups have been oxidized to S-S groups do not give 
any color with nitroprusside in guanidine hydrochloride solution even when 1 drop of 
0.1 N cyanide is added. The ease with which the S-S groups of a denatured protein are 
reduced by cyanide varies from protein to protein. 1 drop of 0.1 n cyanide is safe for 
those proteins which 1 have tried, but it may not be safe for all proteins. 

The following experiments show that impurities in guanidine hydrochloride reduce 
the amount of the ferricyanide needed to abolish the SH groups of denatured egg al- 
bumin, and that the effect of impurities is much less in the new titration procedure in 
which the titrating agent is added before the protein is denatured by tmanidine hydro- 
chloride than in the old titration procedure in which the protein is allowed to stand in 
guanidine hydrochloride solution before the addition of the titrating agent. When 
satisfactory guanidine hydrochloride is used the amount of ferricyanide needed to abolish 
the nitroprusside test is the same whether the ferricyanide is added before the addition 
of guanidine hydrochloride or 30 minutes after the addition of guanidine hydrochloride. 
With one poor sample of Eastman guanidine hydrochloride (not the worst), nine-tenths 
the normal amount of ferric 3 ranide was required to abolish the nitroprusside test if the 
ferric 3 ranide was added before the addition of guanidine hydrochloride, but only five- 
tenths the normal amount if the ferricyanide was added 30 minutes later. 

The discrepancy between the amount of ferricyanide needed to abolish the SH groups 
of egg albumin when the ferricyanide is added before the guanidine hydiochloride and 
when it is added 30 minutes after the guanidine hydrochloride can be used as a test for 
the purity of the guanidine hydrochloride. WHien such a test is applied to commercial 
guanidine hydrochloride, usually, in my experience, the product is found to be unsatis- 



404 


SULFHYDRYL GROUPS OF EGG ALBUMIN 


factory. Guanidine hydrochloride cannot be purified by recr 3 rstallization without great 
loss. I have therefore found conditions for the effective and economical purification of 
guanidine carbonate. Guanidine hydrochloride prepared from purified guanidine car- 
bonate is satisfactory for SH titrations. 

Greenstein (1938) found that the SH groups of his egg albumin were stable in neutral 
guanidine hydrochloride solution. His sample of guanidine hydrochloride was therefore 
satisfactory. 

Although one can always make sure that one has pure guanidine hydrochloride and 
pure egg albumin, not all proteins can readily be obtained in as pure a state as egg al- 
bumin. With some proteins it is particularly important to have a titnilion procedure 
like the present one which minimizes the effects of impurities and to car ry out tests for 
the presence of impurities. The origin of the present detailed experiments with guan- 
idine hydrochloride, in fact, was my inability to obtain a constant value for the SH 
content of tobacco mosaic virus when different samples of guanidine hydrochloride and 
virus were used. 

The same titration value is obtained if the nitroprusside test on the albumin treated 
with the titrating agent is carried out almost immediately after the addition of the 
titrating agent and the guanidine hydrochloride or 30 minutes after the adciition of the 
titrating agent and guanidine hydrochloride. The waiting has therefore been eliminated 
and the time needed for the titration very much shortened. 

Instead of using the disappearance of the nitroprusside test as an indication that all 
the SH groups have been abolished one can use the failure to reduce ferricyanide. After 
the titrating agent and guanidine hydrochloride have been added to the protein, the 
protein is precipitated and washed with trichloracetic acid, the precipitate is dissolved 
in neutral Duponol PC solution, ferricyanide is added, and a test is made for ferrocyanide. 
If either the nitroprusside test or the ferric 3 ^ide test for SH were insensitive or not 
specific for SH then different titration values would be obtained by using these two very 
different SH tests for the end point. Since the nitroprusside test is more convenient 
than the ferricyanide reduction test if the titration is carried out in guanidine hydrochlo- 
ride solution, the ferricyanide reduction test is used not as a routine procedure but only 
as a check on the validity of the titrations. 

The whole SH titration is in all cases carried out in a neutral solution buffered with 
phosphate. Phosphate establishes a reproducible pH. In the absence of phosphate, 
furthermore, a pmk color is formed immediately on the addition of nitroprusside to a 
neutral or even slightly acid guanidine hydrochloride solution of denatured protein and 
the color becomes stronger on the subsequent addition of ammonia. Phosphate con- 
venienUy prevents the formation and fading of the pink color before the addition of 
ammonia. 

Cyanide must not be present during the titrations with ferricyanide or 
mercuribenzoate despite the fact that it is desirable to have cyanide present 
during the nitroprusside test. For cyanide combines with mercuribenzoate 
and inhibits the oxidation of protem SH groups by ferricyanide. 'Fhe 
mechanism of this inhibition has not been studied. It is possible that the 
oxidation of protein SH groups by ferricyanide is catalyzed by heavy metal 
impurities which combine with cyanide. Dilute cyanide does not prevent 
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the oxidation of the SH groups of denatured egg idbomin “ 
guanidine hydrochloride solution by tetrathionate. (Since suDini 
paper I have found that cyanide inhibits almost completely the oxida Ou 
of SH groups by ferricyanide, tetrathionate, and the uric acid reagent pr^ 
vided the concentration of cyanide is high enough and that copper and 
zinc ions promote these oxidations.) 

In agreement with the results previously obtained by the poipbynodio 
titration method the equivalent of 1 cc. of 0.001 M ferricyanide, tetrathio- 
nate, or mercuribenzoate is needed to abolish the SH groups of 10 mg. 
denatured egg albumin in guanidine hydrochloride solution whether tbd 
abolition of the nitroprusside test or the failure to reduce ferricyanide is 
used as an end point. It should be emphasized that the agreement between 
the new titrations and the porphyrindin titration in its original form exists 
only when the samples of protein and guanidine hydrochloride used happen 
to be free of impurities which interfere with the original titration method 
much more than they do with the new methods. 

Rate and Completeness of SH Reactions in Neutral Guanidine Hydrochloride 
Solution. — ^As we have seen, if 1 cc. of 0.001 m ferricyanide, tetrathionate, 
or mercuribenzoate is added to 10 mg. of denatured egg albumin in neutral 
solution and ammonia and nitroprusside are added 3 minutes later, no 
pink color is obtained. The question arises, does the SH reagent react 
with the protein SH groups in the neutral solution, or after the addition of 
ammonia, or is the colored compound of the nitroprusside test formed but 
destroyed by the SH reagent before it can be observed? Ferriqranide and 
mercuribenzoate can rapidly destroy the color formed in the nitroprusside 
reaction. The experiments designed to answer this question show that the 
abolition of the SH groups in neutral solution by ferricyanide and mercuri- 
benzoate is completed in 3 minutes but that part of the tetrathionate reac- 
tion takes place after the addition of ammonia. 

The following experiments show that the oxidation of the SH groups by ferricyanide 
takes place in the neutral solution. After the addition of the ferricyanide to the neutral 
protein solution the solution is colorless, indication of reduction of the brown ferricyanide 
to the colorless ferrocyanide. If the protm which has been treated with ferricyanide 
is precipitated and washed with trichloracetic add, a protein nredpitate is obtained 
wUch is free of ferricyanide and has been exposed to ferricyanide in neutral but not in 
ftlltftUnf. solution. The SH groups of this protein have been abolished. The protein 
gives no nitroprusside test when dissolved in guanidine hydrochloride solution and does 
not reduce ferric3ranide in neutral Duponol PC solution. 

Further experiments show that tetrathionate, like ferricyanide, can oxidize all the 
SH groups of denatured egg a-lhiimin in neutral solution but th-it the oxidation by tetra- 
thionate is slower than the oxidation by ferric3nnide and so is not complete in 3 minutes. 
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The trichloracetic add predpitate of the albumin treated for 3 minutes with tetrathionate 
in neutral guanidine hydrochloride solution still gives a moderately strong nitroprusside 
test in guanidine hydrochloride solution and reduces about half as much ferricyanide in 
Duponol solution as untreated albumin. Since no nitroprusside test is obtained if 
ammonia and nitroprusside are added directly after 3 minutes, part of the tetrathionate 
reaction responsible for the abolition of the nitroprusside test must take place after the 
addition of ammonia. If the tetrathionate is allowed to stand 30 minutes in the neutral 
guanidine hydrochloride solution before the addition of trichloracetic acid, then it is 
found that the SH groups have all been abolished by the reaction in neutral solution. 

Finally, the evidence that mercuribenzoate combines with the SH groups of denatured 
egg albumin in neutral guanidine hydrochloride solution. If first 1 cc. of 0.001 M mer- 
curibenzoate and then 1 cc. of 0.001 m ferricyanide are added to 10 mg. of denatured egg 
albumin in neutral guanidine solution, the brown color of the ferricyanide persists. If 
the mercuribenzoate had not combined with and protected the SH groups, the ferri- 
C 3 ^ide would have been reduced to colorless ferrocyanide. When mercuribenzoate 
combines with SH groups of urease it similarly protects them from oxidation by por- 
ph 3 rrindm (Hellerman, 1939). 

The compound between mercuribenzoate and the SH groups of denatured egg albumin 
in neutral guanidine hydrochloride solution is dissociated by trichloracetic acid. If 
denatured egg albumin which has combined with mercuribenzoate is precipitated with 
trichloracetic acid and dissolved again with guanidine hydrochloride it gives about as 
strong a nitroprusside test as egg albumin which has never been exposed to mercuri- 
benzoate. 

Measurement of Ferricyanide Reduction in Guanidine Hydrochloride and 
Urea Solution, -1 cc. of 0.001 m ferrocyanide is formed when ferricyanide 
is reduced by 10 mg. of denatured egg albumin in Duponol PC solution 
(Anson, 1940 a) or, as in the present experiments, in guanidine hydro- 
chloride or urea solution. The amount of ferrocyanide formed is within 
wide limits independent of the ferricyanide concentration. 

The estimation of SH groups by ferricyanide reduction is more convenient in Du- 
ponol PC than in guanidine hydrochloride or urea solution. Duponol PC, unlike guani- 
dine hydrochloride and urea, prevents the precipitation of denatured egg albumin by 
the acid ferric sulfate added for the estimation of ferrocyanide as Prussian blue. Du- 
ponol PC interferes with the development of Prussian blue less than guanidine hydro- 
chloride and in neutral solution denatures egg albumin more rapidly than urea. 

Denaturation in neutral urea solution is slow and egg albumin loses some of its SH 
groups on standing in neutral urea solution if ordinary commercial urea is used and the 
urea solution does not contain C 3 ranide. In the present experiments, therefore, de- 
^naturation by urea is brought about in acid solution in which denaturation is rapid and 
SH groups are more stable. When the acid urea solution containing 10 mg. of denatured 
egg albumin is neutralized, 1 cc. of 0.001 h ferricyanide is added. 1 cc. of 0.001 ic 
ferrocyanide is formed and the protein when precipitated with trichloracetic acid and 
redissolved with guanidine hydrochloride gives no nitroprusside test. The nitroprusside 
test of untreated egg albumin in guanidine hydrochloride solution is much more intense 
than the test in urea solution. 



1C. I,. ANSON 


407 


I have not been able to confinn the conclusion of Greenstein (1938) that urea “liber- 
ates” fewer SH groups from egg albumin than guanidine hydrochloride. Even if 1 cc. 
of 0.001 u ferricyanide and urea are added to a neutral solution of 10 mg. of egg albumin 
which has not been treated with acid, the protein after being precipitated by trichloracetic 
acid no longer gives a pink color with nitroprusside in guanidine hydrochloride solution. 

As will be described elsewhere, the SH groups of egg albumin can be estimated by the 
blue color given with the uric acid reagent, the SH value being the same as that obtained 
by the present methods. When unhydrolyzed albumin is used the reaction is carried 
out in urea solution. When albumin partially hydrolyzed by pepsin or acid is used, the 
presence of urea is not necessary. 

Urea promotes the oxidation not only of the SH groups of denatured egg albumin but 
also the oxidation of free cysteipe, tyrosine, and tryptophane. Partial hydrolysis 
“activates” not only SH groups but the few other protein groups I have tried. 

SH Titrations in Duponol PC Solution. — In neutral Duponol PC solution 
as in neutral guanidine hydrochloride solution 1 cc. of 0.001 m ferricyanide, 
tetrathionate, or mercuribenzoate is required to abolish the SH groups of 
10 mg. of denatured egg albumin. 

After the SH groups of denatured egg alojmin have been abolished by 
ferricyanide or tetrathionate, the protein when precipitated by trichlora- 
cetic acid and redissolved in guanidine hydrochloride solution no longer 
gives a nitroprusside test. As in guanidine hydrochloride solution, the 
ferricyanide reaction is more rapid than the tetrathionate reaction and 
cyanide interferes with the ferricyanide reaction but not with the tetra- 
thionate reaction. 

After mercuribenzoate has combined with all the SH groups of denatured 
egg albumin in neutral Duponol PC solution the protein no longer reduces 
dilute ferricyanide. Thus when the SH estimation is carried out in Duponol 
PC solution as when it is carried out in guanidine hydrochloride solution, 
it is possible to titrate the SH groups with both an oxidizing agent and a 
heavy metal compound and to use both the nitroprusside reaction and the 
ferricyanide reduction as tests for the abolition of the SH groups. 

The ferricyanide reduction test should not be used after the tetrathionate 
reaction because the decomposition products formed from tetrathionate in 
acid solution reduce ferricyanide. The nitroprusside test should not be 
used after the mercuribenzoate reaction because trichloracetic acid disso- 
ciates the compound between mercuribenzoate and SH. 

The Reactions of Iodine and Native Egg Albumin. — Despite the fact that 
native egg albumin does not react with nitroprusside, ferricyanide, or por- 
phyrindin, all the SH groups of egg albumin can be abolished by reaction* 
of the native form of ^e protein with iodine. Native egg albumin which 
has reacted with iodine no longer gives a nitroprusside test when denatured 
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nor does it reduce ferricyanide in Duponol PC solution (Anson, 1940 a). 
I have now studied the reactions between iodine and neutral native egg 
albumin in somewhat more detail, mainly in order to compare the egg 
albximin reactions with the reactions between neutral native tobacco mosaic 
virus and iodine, which will be described elsewhere. 

By adding iodine in acid solution it is possible to oxidize the SH groups 
of native egg albumin without converting the tyrosine groups into di-iodo- 
tjrrosine groups. Iodine abolishes the SH groups of native egg albumin 
even at pH 3.2 (Anson, 1940 a). At pH 3.2 iodine does not react with free 
tyrosine, or with the proteins pepsin (Herriott, 1937), and chymotrypsi- 
nogen (Anson, 1940) which contain tyrosine but not cysteine. The present 
experiments show that it is also possible in neutral solution to oxidize the 
SH groups of native egg albumin without converting many tyrosine groups 
to di-iodotyrosine groups or oxidizing many of the SH groups beyond the 
S-S stage. 

If 1.3 cc. of 0.001 N iodine is added to 10 mg. of native egg albumin at 0°C., all the 
iodine is absorbed as shown by a negative starch test. All the SH groups are abolished 
as shown by a negative nitroprusside test in guanidine hydrochloride solution. Theo- 
retically it takes 1 cc. of 0.001 n iodine to oxidize the SH of 10 mg. of egg albumin to 
S-S. The excess 0.3 cc. of 0.001 N iodine actually added is not sufficient to cause much 
further oxidation of the sulfur groups to RSOH, RSO2H, or RSOsH, or to convert many 
tyrosine groups into di-iodotyrosine groups. The 10 mg. of egg albumin treated with 
1.3 cc. of 0.001 N iodine still gives a strong nitroprusside test in guanidine hydrochloride 
solution, if the protein is exposed to strong cyanide in alkaline guanidine hydrochloride 
solution before the addition of nitroprusside, indicating S-S groups which are reduced to 
SH by alkaline cyanide. The 10 mg. of egg albumin which has absorbed 1.3 cc. of 0.001 n 
iodine still gives a strong purple color when boiled with Millon’s reagent. Free di- 
iodotyrosine (Vaubel, 1900) and, as Harrington and Neuberger (1936) have shown, 
insulin whose tyrosine groups have been iodinated do not give a color with Millon’s 
reagent. 

Since submitting this paper I have found conditions under which the absorption of 
only 1 cc. of 0.001 n iodine by 10 mg. of native egg albumin brings about the abolition 
of the nitroprusside test in guanidine hydrochloride solution. 

If in the reaction between native egg albumin and iodine, the concentra- 
tion of iodine and the time and temperature of the reaction are high enough, 
then all the SH and S-S groups are oxidized beyond the S-S stage, as shown 
by a negative cyanide-nitroprusside test, and all the tyrosine groups are 
converted into di-iodotyrosine groups, as ^own by a negative Millon 
test. The conditions for aboU^ing the cyanide-nitroprusside test are 
roughly the same as those for abolishing the Millon test. 

I have not done any experiments to find out whether the iodine added to 
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native egg albumin reacts with any groups other than the SH and tyrosine 
groups. 

Egg albumin whose SH groups have been abolished by iodine does not 
abolidi the SH groups of untreated egg albumin in neutral guanidine hydro- 
chloride solution. 

Reactions of p-Chloromercuribenzoaie with Cysteine and Native Egg 
Albumin. — In this section it will be shown that mercuribehzoate combines 
with native egg albumin either not at all or at least much more loosely than 
it combines with cysteine or with the cysteine in denatured egg albumin. 

I have found that the compound between cysteine and mercuribenzoate, 
like the compound between cysteine and aldehyde (Schubert, 1936) and the 
cysteine in native egg albumin,* does not give a nitroprusside test or reduce 
ferricyanide but does reduce iodine. Thus the nitroprusside and ferri- 
cyanide tests cannot be used to find out whether mercuribenzoate has com- 
bined with the SH groups of native egg albumin because these groups do 
not react with nitroprusside and ferricyanide even when they are not 
combined with mercuribenzoate. On the other hand, the iodine reaction 
cannot be used either because SH reduces iodine even when it is combined 
with mercuribenzoate. I have accordingly used an indirect procedure 
involving the addition of free cysteine. If mercuribenzoate added to egg 
albumin is tightly bound to the protein, it cannot combine with added 
cysteine and the added cysteine is then free to reduce ferricyanide. 

If first 1 cc. of 0.001 u cysteine and then 1 cc. of 0.001 u ferricyanide are added to 
10 mg. of either native egg albumin or to denatured egg albumin in Duponol PC solu- 
tion, the ferricyanide is reduced by the cysteine. In the absence of cysteine, native egg 
albumin does not reduce ferricyanide under any conditions and denatured egg albumin 
does not reduce ferricyanide under the conditions used, namely, low temperature, dilute 
ferricyanide, and short time of reaction. 

If 1 cc. of 0.001 u mercuribenzoate is added to the native albumin before the addition 
of cysteine and ferricyanide, the ferricyanide is not reduced. This shows that the cya- 
teine has combined with the mercuribenzoate. Either the mercuribenzoate does not 
combine with the native protein or it is rapidly withdrawn from its combination by the 
additinn of C 3 rsteme. In contrast, if the mercuribenzoate is added to denatured egg 
albumin before the addition of cysteine and ferricyanide, the ferricyanide is reduced. 
Mercuribenzoate remains attached to the SH groups of denatured egg albumin, for a 
short time at least, even if cysteine is added. 

SH Groups and Protein Structure.— T!h& present results and indeed All the 
work on the SH groups of egg albumin and other proteins show that a 

* I do not mean to suggest that the SH in native egg albumin is linked to aldehyde or 
heavy metal or in any other way. It seems to me more likely on the basis of the present 
inconclusive evidence that the SH groups of native egg albumin are not linked. 
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reagent which reacts with the SH groups of free cysteine may or may not 
react with <ysteine bound in a protein. Whether or not the reaction takes 
place depends on what SH reagents and proteins are used, on the concentra- 
tion of these substances and the time, temperature, and pH of the reaction, 
on whether the protein is native or denatured, on whether the solution 
of denatured protein contains substances such as guanidine hydrochloride 
or Duponol PC, and on whether the solution contains catalysts such as zinc 
and copper salts or inhibitors such as cyanide. 

It would, of course, be desirable to be able to explain the now rather 
extensive experimental results in terms of some theory of protein structure. 
The facts, however, although they lead to vague general conclusions about 
the structural changes involved in denaturation, do not as yet provide proof 
of any definite, detailed picture of the structural relationships of SH groups 
in native and denatured proteins. A priori, a protein SH group may fail 
to react with an SH reagent because the protein SH group is inaccessible, 
or bound, or made unreactive by neighboring protein structure. A priori, 
several of these factors may operate at once, or one factor may be decisive 
under one set of conditions, another factor decisive under a different set 
of conditions. As more facts accumulate the arbitrary assumptions which 
can be made in connection with the three kinds of structural theories become 
more and more restricted. 

It should be remembered that in some proteins S-S (Walker, 1925) and 
tyrosine (Mirsky and Anson, 1936) groups which are not detectable in the 
native protein are detectable by the same tests in the denatured form of the 
protein. The problem of how denaturation and other changes in protein 
structure produce changes in the properties of protein groups is not peculiar 
to SH groups. 

It should also be remembered that the SH groups of cysteine are more 
readily oxidized in neutral than in acid solution and that the SH groups of 
cysteine are more readily oxidized than the SH groups of glutatUone 
(Anson, 1939). Thus molecular structure can greatly influence the proper- 
ties of SH groups even in relatively simple SH compoimds. 

EXPERIMENTAL 

Reagents . — ^Egg albumin is thrice lecrystallized with ammonium sulfate, dialyzed, 
and stored frozen. 

Duponol PC (Du Pont) is stored at room temperature as a filtered 10 per cent stock 
solution. 

A 5 per cent solution of ground sodium nitroprusside is made fresh daily and stored 
in ice water. Nitroprusside dissolves slowly unless it is first ground. 

The phoqpfaate buffer consists of equal parts of 1.0 if NatHP04 and NaHtP04. 
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For the ferricyanide titration reagent grade potassium ferricyanide is used. When 
the amount of ferrocyanide formed from ferricyanide is measured either a correction is 
made for the ferrocyanide present in commercial ferricyanide or the ferrocyanide is 
removed by oxidation with bromine (Anson, 1939). Bromine in addition to oxidizing 
ferrocyanide to ferricyanide also brings about some other reactions which result in 
darkening of the solution. This darkening is greater in the original procedure in which 
the bromine is added step-wise than in the following simpler procedure in which the 
bromine is added in dilute solution all at once, and in excess. 0.6 m ferricyanide is made 
up and centrifuged to remove insoluble matter. The ferrocyanide impurity is estimated 
by adding to 2 cc. ferricyanide solution 7 cc. of water, 0.5 cc. of 2 n sulfuric acid, and 
0.5 cc. of ferric sulfate solution. The amount of red light absorbed by the Prussian blue 
formed is compared with the red light absorbed by a known amount of ferrocyanide in 
the absence of ferricyanide. Saturated bromine water is diluted 75 times with water 
and assumed to be 0.005 n which allows for a 10 per cent loss on dilution. If it is de- 
sired to know the concentration of bromine in the dilute solution accurately, an excess 
of iodide is added to a sample and the iodine liberated by bromine is titrated with thio- 
sulfate. Twice the amount of bromine theoretically needed to oxidize the ferrocyanide 
present is added to the ferricyanide solution and water is added to make the ferricyanide 
0.4 M. After the solution has stood 20 minutes the excess bromine is removed by aera- 
tion and the solution is allowed to stand overnight before being used. The purified 
ferricyanide is stored in the cold in a dark bottle. Since in the course of months ferro- 
cyanide forms in the ferricyanide solution the ferricyanide solution is occasionally tested 
for fenxxyanide with ferric sulfate. 

Ferric sulfate containing gum ghatti is prepared according to Folin and Mahnros 
(1929). 

A stock 0.1 M thiosulfate solution containing 0.1 gm. sodium carbonate per liter is 
standardized with the iodine formed by the reaction between iodide and iodate (Peters 
and Van Slyke, 1932). 

The stock 0.1 iodine solution contains 0.18 n K1. The stock 0.1 n iodine previously 
used (Anson, 1940a) contained only 0.12 N K1 and lost some iodine on dilution with 
water. The iodine solution is first made up roughly and then titrated with thiosulfate. 

Tetrathionate is formed by adding just enough thiosulfate to iodine to abolish the 
starch test. It is made up just before being used. 

^-chloromercuribenzoic acid is prepared according to the directions of Whitmore and 
Woodward (1932) and dissolved as the sodium salt. The solution is stable for a few 
da 3 rs at least if stored frozen. I am indebted to Dr. Leslie Hellerman for the mercuri- 
benzoic acid. 

The guanidine hydrochloride used in the present experiments was a satisfactory batch 
of the FAst man product. Since guanidine hydrochloride is very hygroscopic it is first 
dried in a desiccator, then distributed in a number of small containers which are tightly 
stoppered, and stored in the cold or in some dry atmosphere. 

Most samples of the commercial guanidine hydrochloride have not proved 'satis- 
factory. Good guanidine hydrochloride should dissolve in an equal weight of water to 
give a clear and colorless solution. The color given with egg albumin and nitroprusside 
in guanidine hydrochloride solution should be the same as when guanidine hydrochloride 
recrystallized from water is used and should not be increased if 1 drop of 0.1 n cyanide is 
present. The rate of fading of the color should not be much greater than that obtained 
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with recrystallized guanidine hydrochloride. Letting the albumin stand in neutral 
guanidine hydrochloride solution for 30 minutes before the addition of nitroprusside 
should not decrease the color obtained when nitroprusside is added. The same amount 
of ferricyanide should be required to abolish the nitroprusside test of denatured egg 
albumin in guanidine hydrochloride solution whether the ferric)ramde is added before 
or 30 minutes after the addition of guanidine hydrochloride. Details of the nitroprusside 
test and the ferricyanide titration are given in later sections. 

Guanidine hydrochloride can be recrystallized from water with a )rield of 21 percent. 
This recrystallization is used to obtain a good product for comparative purposes, not to 
prepare the bulk of guanidine hydrochloride used. 20 gm. of guanidine hydrochloride 
are dissolved in 16 cc. of water at 50®C. The solution is cooled in salt ice water and the 
guanidine hydrochloride is filtered off in the cold on a pre-cooled Buchner funnel. After 
the filter cake has been sucked and pressed as dry as possible it is placed in a desiccator. 

As much as 5 gm. of guanidine hydrochloride can be dissolved in 1 cc. of water at 
lOO^C. On cooling, however, too thick a suspension of solid is obtained for purification 
purposes. 

Recrystallization from 80 per cent alcohol gives a 55 per cent yield and always im- 
proves the product. A completely satisfactory product is obtained from a single re- 
crystallization, however, only if the original amount of impurities is not too great. 
20 gm. of guanidine hydrochloride are dissolved in 11.4 cc. of 80 per cent alcohol at 
100®C. The solution is brought about as quickly as possible, since guanidine hydro- 
chloride gradually changes into a water-insoluble material at high temperatures. The 
solution is cooled and filtered as before, washed with cold absolute alcohol, and dried in 
a vacuum desiccator over NaOH. 

Satisfactory guanidine hydrochloride can be prepared from purified guanidine car- 
bonate. Guanidine carbonate is not hygroscopic and it is much less soluble than the 
hydrochloride. 

First, guanidine carbonate (American Cyanamid) is stirred up with twice its weight 
of water and filtered. If the first part of the filtrate is not perfectly clear it is refiltered. 
An equal volume of 95 per cent alcohol is added to the filtrate with mechanical stirring. 
The resulting suspension is cooled to 0®C., filtered in the cold on a Buchner funnel, 
washed with cold 95 per cent alcohol, and sucked and pressed as dry as possible. Con- 
centrated hydrochloric acid is added to the solid carbonate first with hand stirring and 
when the suspension becomes fluid with mechanical stirring. When the fizzing on the 
addition of a drop of acid becomes weak, 1.0 n hydrochloric acid is added to complete 
the neutralization to green to brom thymol blue. 1 or 2 cc. of water are added to a drop 
of guanidine hydrochloride solution before the indicator test. The solution should 
remain green to the indicator even after continued stirring since the carbon dioxide 
formed is not removed immediately. The solution is allowed to stand in the cold for a 
few hours, filtered to remove a small amount of brown precipitate, kept at 50^C. in a 
vacuum oven for 24 hours, and finally dried completely in a vacuum desiccator. During 
the dr3ring the material is stirred occasionally to break up the caking. 

Since guanidine carbonate is not stable indefinitely at 50^C. if the amount of solution 
being dried is too great to be handled by the vacuum oven in 24 hours, either the solution 
is evaporated in successive small portions or the solution is first evaporated to a thick 
suspension on an electric hot plate. The solution heated on the hot plate is placed in a 
Fyrex Top of the Oven fzying pan, is stirred with an L shaped glass stirrer, and a blast 
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of air from a strong fan is directed on the solution. Under these conditions rapid evapo* 
ration takes place without the temperature going above 50^C., or during most of the 
evaporation above 37^C. This procedure is extraordinarily simple and effective. 

The NUroprusside Test . — ^The nitroprusside test in guanidine hydrochloride solution 
is carried out as follows. To 0.5 cc. of 1 or 2 per cent egg albumin there are added 2 
drops of neutral 1.0 m phosphate, and 0.7 gm. guanidine hydrochloride. The tube 
containing the solution is placed in 37^C. water for 2-3 minutes and then in ice water. 
After the solution has been cooled, there are added 1 drop of 5 per cent sodium nitro* 
prusside and 1 drop of 27 per cent ammonia. 0.5 cc. of 2 per cent egg albumin gives, 
within a third, as strong a color as 0.5 cc. of 0.002 m cysteine. The conditions for a 
quantitative nitroprusside test have not been worked out. 

A little cyanide can be added to combine with traces of heavy metal compounds. 
1 drop of 0.1 N KCN or NaCN is added before the addition of guanidine. No nitro- 
prusside test is obtained in the presence of this small amount of cyanide with cystine or 
egg albumin whose SH groups have been oxidized to S-S groups by the addition of ferri- 
cyanide in guanidine hydrochloride solution, as described in a later section. 

The S-S form of egg albumin gives a nitroprusside test when strong C 3 ranide is added 
which can reduce S-S to SH. To a guanidine hydrochloride solution of the S-S protein, 
1 drop of 2 N NaCN and 1 drop of ammonia are added, the solution is allowed to stand 
5 minutes at room temperature and is then cooled in ice water. On the addition of 1 
drop of nitroprusside a pink color is obtained. 

If the nitroprusside test described in the first paragraph of this section is carried out 
in a solution of denatured egg albumin containingurea instead of guanidine hydrochloride 
the color obtained is much less intense than if guanidine hydrochloride is used. 

If egg albumin is denatured by trichloracetic acid or Duponol PC and no guanidine 
hydrochloride or urea is present then only a negligible weak pink color is obtained on the 
addition of nitroprusside and ammonia. If the ammoniacal solution of egg albumin 
denatured by trichloracetic acid or Duponol PC is saturated with ammonium sulfate, 
the protein is precipitated and this precipitate gives a faint pink color with nitroprusside. 
This faint pink color is much intensified on the further addition of solid guanidine hydro- 
chloride or solid thioc 3 ranate. 

Titrations in Guanidine Hydrochloride Solution. — First, the standard titration proce- 
dure. To 0.5 cc. of 2 per cent egg albumin there are added 0.1 cc. of buffer solution 
containing equal parts of 1.0 m Na 2 HP 04 and 1.0 m NaH 2 P 04 , 0.5 cc. of 0.002 m ferri* 
cyanide, tetrathionate, or mercuribenzoate, and 1.2 gm. of guanidine hydrochloride of 
tested purity. The solution is placed in 37®C. water for 3 minutes and cooled in ice 
water. Then 1 drop of 5 per cent nitroprusside and 1 drop of 27 per cent ammonia are 
added. No pink color is observed. If 1 drop of 0.1 n NaCN is added before- the nitro- 
prusside, still no pink color is obtained. If 0.5 cc. of 0.0018 m ferricyanide, tetrathionate, 
or mercuribenzoate is added, then a weak pink is obtained about equal to that obtained 
from 0.5 cc. of 0.2 per cent albumin to which no SH reagent has been added. 

If 0.5 cc. of 0.002 M ferricyanide or mercuribenzoate is used, no nitroprusside test is 
obtained whether the nitroprusside test is carried out as quickly as possible after the 
solution of the guanidine and cooling of the solution or after the solution containing 
protein, ferricya n ide, and guanidine has stood 30 minutes at 37®C. If 0.5 cc. of 0.0018 m 
ferricyanide or mercuribenzoate is used a small nitroprusside test is obtained whether the 
test is carried out as soon as possible or after 30 minutes. 
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If the guanidine hydrochloride used is free of impurities which bring about the aboli- 
tion of SH groups, the ferricyanide can be added 30 minutes after the guanidine hydro- 
chloride without any change in the amount of ferricyanide needed to abolish the nitro- 
prusside test. To 0.5 cc. of protein solution plus 0.1 cc. of phosphate buffer there is 
added 0.7 gm. of guanidine hydrochloride. The solution is allowed to stand 30 minutes 
at 37^C., 0.5 cc. of ferricyanide is added, the solution is allowed to stand 3 minutes more 
at 37^C. before being cooled in ice water. Finally 1 drop of nitroprusside and 1 drop of 
anunonia are added to find out whether the SH groups have all been oxidized. 

The standard titration can be carried out with 0.5 cc. of 0.4 per cent egg albumin 
instead of 0.5 cc. of 2 per cent egg albumin. The less protein is used, the weaker the 
nitroprusside test given when only 10 per cent of the SH groups survive. Instead of 
titrating a dilute solution, one can concentrate the protein. A volume of egg albumin 
solution containing 10 mg. of protein is diluted to 9 cc. with water and 1 cc. of 2.0 N 
trichloracetic acid is added. The precipitate is centrifuged down and dissolved with the 
minimum amount of 0.5 n sodium hydroxide and the resulting solution is diluted to ap- 
proximately 0.5 cc. with water. Then buffer, titrating agent, and guanidine hydro- 
chloride are added as in the standard procedure. 

Formaldehyde cannot be used as a titrating agent because it abolishes the protein 
SH groups only when added in excess. If 0.5 cc. of 0.004 m formaldehyde is added to 
the 0.5 cc. of 2 per cent egg albumin before the guanidine under the standard titration 
conditions, a strong positive nitroprusside is obtained. If 0.5 cc. of 38 per cent formal- 
dehyde is added, only a slight ffash of pink is observed. 

Effect of Cyanide on Titrations. — The ferricyanide titration cannot be carried out in 
the presence of cyanide because cyanide in some way inhibits the reduction of ferri- 
C 3 ^ide by denatured egg albumin, as shown by the following experiment. 1 drop of 
0.1 N NaCN is added to the protein solution before the addition of phosphate, ferri- 
cyanide, and guanidine. A strong nitroprusside test is obtained although in the absence 
of cyanide the nitroprusside test would be negative. 

Although concentrated ferricyanide oxidizes cyanide slowly, under the conditions 
of the experiments just described no ferrocyanide is formed from ferricyanide by a 
cyanide-guanidine hydrochloride-phosphate solution which does not contain protein. 

0.5 cc. of 0.002 M free cysteine in a guanidine hydrochloride-phosphate solution re- 
duces ferricyanide in the presence as well as in the absence of 1 drop of 0.1 N NaCN. 

In the presence of the cyanide, however, the disappearance of the brown ferricyanide 
color is slow enough to be observed. In the absence of cyanide the disappearance of 
the brown color takes place instantaneously so far as the eye can tell. 

Just as 10 mg. of denatured egg albumin in guanidine hydrochloride solution still 
gives a nitroprusside test after being treated with 0.5 cc. of 0.002 m ferricyanide in the 
presence of 1 drop of 0.1 n cyanide, so a strong nitroprusside is also obtained after treat- 
ment of 10 mg. denatured egg albumin with 0.5 cc. of 0.002 m mercuribenzoate in the 
presencj of cyanide. Presumably cyanide combines with the heavy metal in mercuri- 
benzoate and so prevents the mercuribenzoate from combining with SH groups. In 
contrast, 0.5 cc. of 0.002 m tetrathionate abolishes the nitroprusside test in the presence 
as well as in the absence of 1 drop of 0.1 n cyanide. 

Tests for ComfUeteness of SH Reactions in Neutral Guanidine Hydrochloride Solution . — 

The following series of experiments was designed to find out whether the abolition of the 
SH groups by the SH reagents takes place entirely in the 3 minute reaction in neutral 
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solutioDi or whether part of the abolition of SH groups t ake s place after ammonia is 
added for the nitroprusside test. 

After the protein and titrating agent have been in the neutral guanidine hydrochloride 
solution for 3 minutes at 37^C. under the conditions of the standard titration water is 
added to 9 cc. and then 1 cc. of 2.0 n trichloracetic acid. The precipitate is centrifuged, 
washed with 0.2 n trichloracetic acid, and centrifuged again. Water is added to the 
precipitate to make the volume approximately 1 cc. (previously marked on the tube) 
and the precipitate is dissolved with 1 gm. of guanidine hydrochloride and cooled in ice 
water. Then nitroprusside and ammonia are added. The protein treated with ferri- 
cyanide for 3 minutes gives no nitroprusside test, the protein treated with tetrathionate 
a moderately strong test, the protein treated with mercuribenzoate about as strong a test 
as untreated protein. The experiments are repeated, trichloracetic being added after 
tetrathionate and mercuribenzoate have stood in the neutral protein-guanidine solution 
for 30 minutes instead of 3 minutes. This time the protein treated with tetrathionate 
gives no nitroprusside test (even if 1 drop of 0.1 N cyanide is present during the tetra- 
thionate reaction) but the protein treated with mercuribenzoate still gives as strong a 
test as before. Thus the reaction between ferricyanide and the SH groups of denatured 
egg albumin in neutral guanidine solution (before the addition of ammonia) is completed 
in 3 minutes, whereas the reaction with tetrathionate is completed in 30 minutes but not 
in 3 minutes. 

The fact that the trichloracetic acid precipitate of albumin treated with mercuriben- 
zoate gives a nitroprusside test shows that the compound between mercuribenzoate and 
the protein SH groups must be dissociated by trichloracetic acid, for the following ex- 
periment shows that mercuribenzoate actually does combine with the SH groups of 
denatured egg albumin in neutral solution. After the protein solution containing guani- 
dine hydrochloride and mercuribenzoate has stood 3 minutes, 2 drops of 0.01 M ferri- 
cyanide are added. The protein after being precipitated and washed with trichloracetic 
acid still gives a strong nitroprusside test in guanidine solution. If mercuribenzoate 
is omitted the nitroprusside test is abolished by ferricyanide. Thus mercuribenzoate 
prevents the oxidation of the SH groups by ferricyanide in neutral guanidine solution. 

Ferricyanide Reduction Test for SH Groups - — ^The SH groups of the trichloracetic acid 
precipitate of protein treated with ferricyanide or tetrathionate in guanidine hydro- 
chloride solution can also be measured by the ferricyanide-Duponol PC method. The 
results confirm those obtained by the nitroprusside test. 

The washed trichloracetic acid precipitate is dissolved by the addition of 0.5 cc. of 
10 per cent Duponol PC, 0.3 cc. of 0.5 n NaOH (to neutralize the trichloracetic acid), 
and 0.2 cc. of the neutral phosphate buffer. 0.5 cc. of 0.1 m ferricyanide is added and 
after the solution has been in a 37^C. bath for 10 minutes the fcrrocyanide formed is 
measured as Prussian blue as described in the following section. The proteins treated 
with ferricyanide for 3 minutes or with tetrathionate for 30 minutes give no ferroc 3 ranide 
just as they give no nitroprusside test. The protein treated with tetrathionate ior 3 
minutes gives the equivalent of 1 cc. of 0.0006 m ferrocyanide just as it gives a moderate 
nitroprusside test. Protein originally treated with 1 cc. of 0.0008 m ferricyanide gives 
1 cc. of 0.00016 M ferrocyanide just as it gives a small nitroprusside test. 

The procedure just described can be used to test the effect of cyanide on the oxidation 
of the SH groups of egg albumin by ferricyanide and tetrathionate. 10 mg. of denatured 
egg albumin in guanidine hydrochloride solution are exposed for 30 minutes to 0.5 cc. 
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of 0.002 H ferricyanide or tetratliionate in the presence of 1 drop of 0.1 cyanide. The 
protein is then precipitated and washed with trichloracetic acid, dissolved in neutral 
Duponol PC solution, and the surviving SH groups measured with ferricyanide. Al- 
though in the absence of cyanide all the SH groups are abolished, in the presence of 
cyanide ferricyanide abolishes only 55 per cent of the SH groups, tetrathionate 95 per 
cent. This confirms the result obtained by the nitroprusside test that cyanide interferes 
with the ferricyanide reaction more than it interferes with the tetratWonate reaction. 

Ferricyanide Reduction in Guanidine Hydrochloride Solution. — ^To 0.5 cc. of 5 per cent 
egg albumin there are added 2 drops of phosphate buffer, 1 drop of 0.1 or 0.5 M ferri- 
cyanide, and 0.6 gm. guanidine hydrochloride. After the solution has been kept in a 
37®C. water bath for 3 minutes there are added 1 cc. of water, 0.5 cc. of 2.0 N sulfuric 
acid, 18 cc. of water, and 2.5 cc. of 2.0 n trichloracetic acid. The suspension is well 
mixed and centrifuged. If any particles remain in the supernatant solution, the cen- 
trifuging is repeated. Filtration results in some loss of ferrocyanide. To 9 cc. of the 
supernatant solution there are added 0.5 cc. of 0.1 m ferricyanide and 0.5 cc. of ferric 
sulfate solution. After 20 minutes the Prussian blue is read in the light transmitted 
by a red filter against the Prussian blue developed from 1 cc. of 0.0025 m ferrocyanide. 
The two color values agree within 5 per cent. The ferrocyanide standard is made up 
as follows. To 0.5 cc. of 5 per cent egg albumin there are added 2 drops phosphate 
solution and 0.6 gm. guanidine hydrochloride. After the solution has stood at 37®C. for 
3 minutes 1 cc. of 0.0025 m ferrocyanide is added. Then sulfuric acid and the other 
reagents are added as before to develop the Prussian blue. 

Since guanidine bydrocbloride in sufficient concentration interferes with the develop- 
ment of Prussian blue, the experiment is arranged so as to keep the concentration of 
guanidine hydrochloride as low as possible. 

Guanidine hydrochloride, unlike Duponol PC, does not prevent the precipitation of 
denatured egg albumin by acid ferric sulfate. That is why the protein is precipitated 
with trichloracetic acid and removed before the addition of ferric sulfate. Duponol 
PC cannot be added to the acid solution to keep the protein in solution because it forms 
a precipitate with guanidine hydrochloride. 

Ferricyanide Reduction in Urea Solution. — In one test tube there are added to 0.5 cc. 
of 2 per cent egg albumin 2 drops of 1 n hydrochloric acid and 0.6 gm. urea. After this 
test tube has been at 37®C. for 5 minutes there is added from another test tube a mixture 
of 0.5 cc. 0.002 M or 0.1 M ferricyanide, 2 drops 1 N sodium hydroxide, 4 drops 1 m neutral 
phosphate, and 0.8 gm. urea. After 5 minutes more at 37^C. the reaction is stopped by 
0.5 cc. of 2 N sulfuric acid and then there are added 0.5 cc. of 1 m ferricyanide (only to 
the solution containing 0.5 cc. of 0.002 m ferricyanide), water to 9.5 cc., and 0.5 cc. ferric 
sulfate solution. The Prussian blue formed is equivalent to 1 cc. of 0.001 m ferroc 3 ranide, 
within 5 per cent, whether 0.002 m or 0.1 m ferricyanide is originally added. 

Titrations in Duponol PC Solution. — First the mercuribenzoate titration. To 1 cc. 
of 1 per oent egg albumin are added 2.3 cc. of water, 0.2 cc. of the neutral 1.0 m phosphate, 
and 0.5 cc. of 10 per cent Duponol PC. The solution is brought to 37®C. and 0.5 cc. of 
0.02 M ferric 3 ranide is added. After the solution has been at 37**C. for 1 minute there are 
added 0.5 n of 2.0 n sulfuric acid, water to 9.5 cc., and 0.5 cc. of ferric sulfate solution. 
After 20 minutes the Prussian blue developed is estimated colorimetrically in the light 
transmitted by a red filter. The Prussian blue is the same, within 5 per cent, as that 
developed from 1 cc. of 0.001 m ferrocyanide {cf, Anson, 1939). If 1 cc. of 0.001 ic 
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mercuribenzoate is added to the protein-Duponol solution before the ferricyanide and the 
solution is allowed to stand 1 minute at 37^C. before the addition of ferric 3 ranidei then 
no Prussian blue is obtained. Thus mercuribenzoate prevents the reduction of ferri- 
cyanide by denatured egg albumin in Duponol PC as in guanidine hydrochloride solu- 
tion. In practice, to avoid the difficulty of estimating very weak colors, 1 cc. of 0.001 if 
ferrocyanide is added after the reaction has been stopped with sulfuric acid. The 
Prussian blue obtained is that expected from 1 cc. of 0.001 H ferrocyanide. If 1 cc. of 
0.0008 If mercuribenzoate is used instead of 0.001 m mercuribenzoate, then on the addi- 
tion of 1 cc. of 0.001 M ferrocyanide as much Prussian blue is developed (to quote a 
single experiment) as would be developed from 1 cc. of 0.00115 u ferrocyanide. The 
0.0008 M mercuribenzoate does not completely abolish the SH groups and so some ferri- 
cyanide is reduced. 

A control experiment is carried out to show that under the conditions used mercuri- 
benzoate does not interfere with the estimation of ferrocyanide. 1 cc. of 0.001 M ferro- 
cyanide is added after the mercuribenzoate and the ferricyanide is added after the sulfuric 
acid which stops all reduction of ferricyanide. The Prussian blue formed is that expected 
from the amount of ferrocyanide added. If, however, the solution containing mercuri- 
benzoate and ferrocyanide is allowed to stand 5 minutes (instead of 1 minute as in the 
actual experiment) before the addition of acid ferric sulfate, then less than the expected 
amount of Prussian blue is obtained. Presumably in the presence of mercury salt and 
air some ferrocyanide is oxidized. 

Another control experiment shows that under the conditions used mercuribenzoate 
does not reduce ferricyanide. After the ferricyanide has been allowed to react with 
denatured egg albumin in the absence of mercuribenzoate, 1 cc. of 0.001 u mercuriben- 
zoate is added and the solution is allowed to stand 1 minute before the addition of acid 
and ferric sulfate. The amount of Prussian blue obtained is the same as that obtained 
when mercuribenzoate is not added. 

For the ferricyanide and tetrathionate titrations in Duponol PC solution the nitro- 
prusside test is used for the end point. To 0.5 cc. of 2 per cent egg albumin are added 
0.2 cc. phosphate solution, 0.5 cc. of 0.002 m ferricyanide or tetrathionate, and 0.5 cc. 
of 0.8 per cent Duponol PC solution. After this solution has stood 10 minutes in the 
ferricyanide titration and 30 minutes in the tetrathionate titration water is added to 
9 cc., the protein is precipitated by the addition of 1 cc. 2.0 n trichloracetic acid and 
warming of the solution to 60®C., washed with 0.2 n trichloracetic acid, diluted to 1 cc,, 
and dissolved with 1 gm. of guanidine hydrochloride. No pink color is obtained on the 
addition of nitroprusside and ammonia. If 10 per cent less ferricyanide or tetrathionate 
is used, a weak color is obtained in the nitroprusside test. 

Only 4 mg. of Duponol PC is used in the experiment just described because larger 
amounts of Duponol interfere with the precipitation of the protein with trichloracetic 
acid, 10 mg. of Duponol PC does not prevent the precipitation of the ordinary SH form 
of egg albumin, but it prevents the precipitation by trichloracetic add if the protein SH 
groups are first oxidized to S-S groups. 

A control experiment shows that even when only 4 mg. of Duponol PC is used to 
denature the egg albumin, all the 0.5 cc. of 0.002 m ferric 3 ramde added is reduced to 
ferrocyanide. After the ferricyanide has reacted with the denatured egg albumin in 
neutral Duponol solution, there are added 0.5 cc. of 2.0 n sulfuric add, 0.5 cc. of 10 per 
cent Duponol PC, 0.5 cc. of 0.1 m ferricyanide, water to 9.5 cc., and 0.5 cc. of the ferric 
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sulfate solution. As much Prussian blue is formed, within 5 per cent, as from 1 cc. of 
0.001 M ferrocyanide. Extra Duponol is added after the reaction has been stopped by 
sulfuric acid to prevent the precipitation of protein by acid ferric sulfate. Extra ferri- 
cyanide is added to speed up the formation of Prussian blue in Duponol solution. 

Cyanide inhibits the reduction of ferricyanide by denatured egg albumin in Duponol 
solution even more than it does in guanidine hydrochloride solution. If in the experi- 
ment just described 1 drop of 0.1 n cyanide is added before the addition of Duponol and 
the ferricyanide is in contact with the albumin 30 minutes, only 1 cc. of 0.00007 M ferro- 
C 3 ^anide is formed. In contrast 0.5 cc. of 0.002 m tetrathionate abolishes the nitroprus- 
side test of 10 mg. of denatured albumin even if 1 drop of 0.1 n cyanide is present during 
the tetrathionate reaction. 

Reactions of Iodine wUh Native Egg Albumin, — First, the experiments showing the 
minimum amount of iodine which abolishes the nitroprusside test. To 0.5 cc. of 2 per 
cent egg albumin are added at O^C. 0.1 cc. of neutral 1 .0 m phosphate and 0.5 cc.of 0.0026 
N iodine. The solution is allowed to stand 5 minutes at O^C., during which time all the 
iodine added is absorbed as shown by a negative starch test. The egg albumin treated 
with iodine whether dialyzed free of iodide or not gives a negative nitroprusside test in 
guanidine hydrochloride solution but if it is first allowed to stand in an alkaline solution 
containing strong cyanide, a strong positive nitroprusside test is obtained. The tech- 
niques of the nitroprusside tests are described in the section on the nitroprusside test. 
If 10 per cent less iodine is used a weak positive nitroprusside test is obtained without 
the preliminary treatment with alkaline cyanide. 

In the next experiments more iodine is added at 37®C., and there are no surviving S-S 
groups which give the nitroprusside test after exposure to alkaline cyanide and no un- 
iodinated t)TOsine groups which give the Millon test. To 0.5 cc. of 2 per cent egg al- 
bumin there are added 0.1 cc. of phosphate buffer and 0.5 cc. of 0.08 n iodine. The solu- 
tion is allowed to stand 2 hours at 37°C. Then water is added to 9 cc. and 1 cc. of 2.0 N 
trichloracetic acid. The precipitate is centrifuged, stirred up with 10 cc. of 0.2 n tri- 
chloracetic acid, and centrifuged again. The precipitate is suspended in enough water 
to make the volume approximately 1 cc., and is dissolved with 1.2 gm. guanidine hydro- 
chloride, and 1 drop of 2.0 n cyanide and 1 drop of ammonia are added. After 5 minutes 
1 drop of 5 per cent nitroprusside is added. No pink color is obtained. A Millon test 
is carried out on the 0.5 cc. of the precipitate washed with trichloracetic acid by adding 
3 drops of Millon’s reagent and beating in boiling water for 2-3 minutes. No purple 
color is obtained. The Millon reagent used is made up as follows. 10 gm. of mercury 
are digested in 20 gm. of nitric acid of specific gravity 1.42 until NOf no longer comes 
off. The solution is diluted with twice its volume of water and stored in a brown bottle. 

Id carrying out the Millon test it is necessary to beat long enough to bring out the full 
color and not long enough to make the color disappear again. 

If 0.06 N iodine is added to 37^C. in the experiment just described, instead of 0.08 n 
iodine, the protein after being precipitated with trichloracetic acid gives a weak cyanide- 
nitroprfisside test and a weak Millon test. 

If after the iodine is added the solution is allowed to stand 1 hour at 60°C. instead of 
2 hours at 37^C., 0.5 cc. of 0.05 n iodine has to be added to abolish the C3^ide-nitro- 
prusside and the Millon test of 0.5 cc. of 2 per cent egg albumin. If 0.04 n iodine is 
added faint positive tests are obtained. 

A control experiment is done to show that the trichloracetic precipitation and washing 
adequately removes the tetrathionate formed by the reaction of iodine and thiosulfate. 
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0.5 cc. of 0.08 N iodine and 0.5 cc. 0.08 m thiosulfate are mixed before being added to egg 
albumin. The protein after being precipitated and washed with trichloracetic acid 
gives strongly positive cyanide-nitroprusside and a strongly positive Millon test. 

Mercuribenzoale Phis Native and Denatured Egg Albumin , — ^The following experiments 
show that if mercuribenzoate combines with native egg albumin at all, the compound is 
much looser than the compound between mercuribenzoate and denatured egg albumin. 

First it is shown that under the conditions used ferricyanide is not reduced by either 
native egg albumin or by denatured egg albumin in Duponol solution. To 1 cc. of 1 per 
cent native egg albumin are added 0.2 cc. of phosphate buffer and 0.5 cc. of water. The 
solution IS cooled to 0®C. 1 cc. of 0.001 h ferric 3 ^anide previously cooled to 0®C. is 
added, the solution is allowed to stand 1 minute at O^C., and then there are added 0.5 cc. 
of 2.0 N sulfuric acid, 1 cc. of 0.001 m ferrocyanide, 0.5 cc. of 0.02 1 £ ferricyanide, 0.5 cc. 
of 10 per cent Duponol PC, water to 9.5 cc., and 0.5 cc. ferric sulfate solution. The 
Prussian blue obtained is the same in amount as the Prussian blue obtained from 1 cc. 
of 0.001 M ferrocyanide alone, indicating no reduction of « ferricyanide by native egg 
albumin. 

The same experiment is repeated with denatured egg albumin, 0.5 cc. of 10 per cent 
Duponol PC being added to 1 cc. of egg albumin instead of 0.5 cc. of water and no Du- 
ponol being added after the acid. Again no ferricyanide is reduced. 

The next experiments show that cysteine added to native or denatured egg albumin 
is free to reduce ferricyanide. 1 cc. of cold 0.001 n cysteine (in 0.01 n hydrochloric acid) 
is added to the cold native or denatured egg albumin, the ferricyanide added as promptly 
as possible after the cysteine, and the acid is added 1 minute later. The equivalent of 
0.75 — 0.9 cc. of ferroc 3 ranide is formed. Some cysteine is unavoidably oxidized by the 
oxygen of the air and the amount oxidized is variable. 

Finally, the experiments which show whether or not added mercuribenzoate is free 
to combine with cysteine. 1 cc. of 0.001 M mercuribenzoate is added to the native or 
denatured egg albumin before the solution is cooled and cysteine and ferricyanide are 
added. In the solution of native egg albumin no ferroc 3 ranide is formed, showing that 
the mercuribenzoate has combined with the cysteine and that the cysteine-mercuri- 
benzoate compound does not reduce ferricyanide. In the solution of denatured egg 
albumin, however, the same amount of ferrocyanide is formed from ferricyanide as in 
the absence of mercuribenzoate, showing that the mercuribenzoate has c«.‘mbinedwith 
the protein and is not removed from the protein by the cysteine which remains free to 
reduce ferric 3 ^ide. 

If the experiment in Duponol solution is repeated with 1 cc. of water substituted for 
the 1 cc. of protein solution, no ferroc 3 ranide is formed, showing that mercuribenzoate 
combine with the C 3 rsteine in the Duponol solution if the mercuribenzoate is not 
combined with protein. 

The Mercuribenzoate-Cysteine Compound , — ^If 1 cc. of 0.001 h cysteine is added to a 
neutral phosphate solution containing 1 cc. of 0.0001 m mercuribenzoate, the resulting 
solution does not give a nitroprusside test but does immediately decolorize 1 cc. of 0.001 
N iodine solution. 


SUMMARY 

1. 1 CC. Uf 0.001 M ferricyanide, tetrathionate, or ^chloromercuribenzoate 
is required to abolish the SH groups of 10 mg. of denatured egg albumin in 
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guanidine hydrochloride or Duponol PC solution. Both the nitroprusside 
test and the ferricyanide reduction test are used to show that the SH groups 
have been abolished. 

2. 1 cc. of 0.001 M ferrocyanide is formed when ferricyanide is added to 
10 mg. of denatured egg albumin in neutral g uanidin e hydrochloride or 
urea solution. The amount of ferricyanide reduced to ferrocyanide by the 
SH groups of the denatured egg albumin is, within wide limits, independent 
of the ferricyanide concentration. 

3. Ferricyanide and ^-chloromercuribenzoate react more rapidly than 
tetrathionate with the SH groups of denatured egg albumin in both guani- 
dine hydrochloride solution and in Duponol PC solution. 

4. Cyanide inhibits the oxidation of the SH groups of denatured egg 
albumin by ferricyanide. 

5. Some samples of guanidine hydrochloride contain impurities which 
bring about the abolition of SH groups of denatured egg albumin and so 
interfere with the SH titration and the nitroprusside test. This interference 
can be diminished by using especially purified guanidine hydrochloride, 
adding the titrating agent before the protein has been allowed to stand in 
guanidine hydrochloride solution, and carrying out the nitroprusside test 
in the presence of a small amount of cyanide. 

6. The SH groups of egg albumin can be abolished by reaction of the 
native form of the protein with iodine. It is possible to oxidize all the SH 
groups with iodine without oxidizing many of the SH groups beyond the 
S-S stage and without converting many tyrosine groups into di-iodotyrosine 
groups. 

7. ;^-chloromercuribenzoate combines with native egg albumin either 
not at all or much more loosely than it combines with the SH groups of 
denatured egg albumin or of cysteine. 

8. The compound of mercuribenzoate and SH, like the compound of 
aldehyde and SH and like the SH in native egg albumin, does not give a 
nitroprusside test or reduce ferricyanide but does reduce iodine. 

REFERENCES 

Anson, M. L., 1939, J. Gen. Physiol., 23, 239. 

Anson, M. L., 1940 a, /. Gen. Physiol., 23, 321. 

Anson, M. L., 1940 b, J. Biol. Chem., 136, 797. 

Arnold, V., 1911, Z. physiol. Chem., 70, 300, 314. 

Bembeim, F., and Bemheim, M., 1939, Cold Spring Harbor symposia on quantitative 
biology. Cold Spring Harbor, Long Island Biological Association, 7, 174. 

Folin, O., and Malmros, H., 1929, J. Biol. Chem., 83, 115. 

Greenstein, J., 1938, J. Biol. Chem., 126, 501. 



M. L. ANSON 


421 


Harrington, C. R., and Neuberger, A., 1936, Biochem, London, 30, 809. 

Heffter, A., 1907, Med, Nalurwissenschafi, Arch., 1, 81. Chem, Z., 11, 822. 

Hellennan, L., 1937, Physiol, Rev,^ 17, 454. 

Hellerman, L., 1939, Cold Spring Harbor s)anposia on quantitative biology. Cold Spring 
Harbor, Long Island Biological Association, 7, 165. 

Herriott, R. M., 1937, J, Gen, Physiol.^ 20, 335. 

Kuhn, R., and Desnuelle, P., 1938, Z, physiol, Chem,, 261, 14. 

Mirsky, A. £.,^and Anson, M. L., 1935, J, Gen, Physiol,, 18, 307. 

Mirsky, A. £., and Anson, M. L., 1936, J, Gen, Physiol., 19, 451. 

Peters, J. P., and Van Slyke, D. D., 1932, Quantitative clinica] chemistry, Baltimore, 
The Williams & Wilkins Co., 2, 33. 

Rosenthal, S. M., and Voegtlin, C., 1933, Pub, Health Rep,, U, S, P, H, S,, 48 , 347. 
Schubert, M. P., 1936, J, Biol, Chem,, 114, 341. 

Vaubel, W., 1900, Z. angew, Chem,, 13, 1125. 

Walker, £., 1925, Biochem, J,, London, 19, 1082. 

Whitmore, F. C., and Woodward, G. E., 1932, Organic syntheses, Collective volume 1, 
New York, John Wiley and Sons, Inc., 153. 




ENZYMES IN ONTOGENESIS (ORTHOPTERA) 

XrV. The Action of Proteins on Certain Activators of 

Protyrosinase* 

By JOSEPH HALL BODINE and LOREN D. CARLSON 
{Prom the Zoological Laboratory, State University of Iowa, Iowa City) 

(Received for publication, October 7, 1940) 

INTRODUCTION 

The enzjone tyrosinase can be obtained from the egg of the grasshopper, 
Mdanoplus dijfferentialis, in an inactive form, designated prot 3 n:osinase 
(Bodine, Allen, and Boell, 1937; Allen, Ray, and Bodine, 1938). Pro- 
tyrosinase may be activated by a number of surface active compounds 
including a naturally occurring substance found in the lipoidal layer of a 
centrifuged egg brei (Bodine, Allen, and Boell, 1937; Bodine and Allen, 
1938 a and 1938 h). It may also be converted to the active form 
(tyrosinase) by heat (Bodine and Allen, 1938 b), by acetone, chloroform, 
urea, and urethane (Bodine and Allen, 1938 a, 1938 b), and by dialysis 
against distilled water (Ray and Bodine, 1939). Furthermore, it has re- 
cently been shown that some constituents in the egg brei inhibit the ac- 
tivating power of certain of these activators (natural activator, sodium 
oleate, Duponol, Aerosol) presumably by forming films over the surface of 
the activator micelles (Bodine and Carlson, 1940). It is not unreasonable 
to assume that this inhibition of the activators is due to proteins which are 
normal constituents of the brei since proteins have been shown to form 
film s on quartz or collodion particles placed in their solutions (Moyer and 
Moyer, 1940) as well as on oil droplets found in living forms (Danielli 
and Harvey, 1934; Danielli, 1935). 

It is the purpose of the following to show that inhibition of the various 
activators may be accomplished by pure protein solutions and that the 
inhibition may be enhanced by higher temperatures. Since the effect of 
heat suggests a possible relation to a denaturation, exposures of these ac- 
tivator-protein complexes to ultraviolet light were also made previous to 
the application of heat. 

* Aided by a grant from The Rockefeller Foundation for work on the physiology of 
the normal cell. 
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Material and Methods 

The protyrosinase employed was similar to that previously described and designated 
as Bi (Bodine ei 1939). The activators used were sodium oleate (Merck) and Aerosol 
(American Cyanamid). Protein solutions were made by placing 1 gm. of the protein 
in 99 cc. of (Stilled water. This was allowed to stand and then filtered. In the case 
of egg albumin the stock solution was 1 per cent; in the case of hemoglobin, the solution 
was diluted to 0.2 per cent. Casein and edestin are very sparingly soluble and hence 
their concentrations in final solutions were difficult to evaluate. The brei minus AC 
was prepared in the same manner as that already described (Bodine and Carlson, 
1940). 

Temperature exposures were accomplished by placing a test tube containing the pro- 
tein and activator in a water bath kept at the required temperature for a period of 10 
minutes after which the tube was removed and cooled to 25®C. or below as rapidly as 
possible. Concentrations of activators were chosen so as to fall on or below the critical 
or maximum point of activation for the amount of enzyme employed (see Bodine and 
Carlson, 1940). 

The source of ultraviolet light was the entire spectrum of an air-cooled quartz mer- 
cury vapor lamp operating on 110-115 volts a.c. at 3 amperes. The solutions were 
placed at a distance of 15 cm. from the light source in glass dishes covered with quartz 
plates 2| mm. thick (controls with glass). The dishes were placed on damp towelling 
or in a water bath of the desired temperature. The length of exposure in these ex- 
periments was 20 minutes. 

The effects of these various substances and treatments were checked by testing the 
ability of the activator to convert protyrosinase to tyrosinase. The amount of active 
enzyme formed was determined in standard Warburg manometers at 25°C. using a 
known amount of tyramine-HCl as a substrate. The activity is expressed as l/T X 
10* where T is the time required to oxidize one-half of the substrate. 

RESULTS 

The addition of increasing amounts of protein to sodium oleate greatly 
decreases or inhibits the latter’s activating potencies for protyrosinase 
with the exception of egg albumin which produces relatively slight inhibi- 
tion at room temperature (Fig. 1). If, however, egg albumin is heated 
with sodium oleate at 80®C, for 10 minutes, a marked inhibiting action is 
then observed (Fig. 1). The relative effectiveness of the proteins used 
in producing this inhibition of the activating properties of sodium oleate 
is clearly indicated in Fig. 1. When Bi (protyrosinase) is first mixed with 
the sodium oleate and the protein then added, no inhibition occurs except 
fof a very slight effect in the case of casein. Upon the simultaneous addi- 
tion of two proteins to the activator, previous to the Bi addition, pro- 
tyrosinase is always activated less than if the second protein were not pres- 
ent. Slight additive effects of the proteins seem evident but are rather 
difficult to evaluate. 
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As increasing amounts of protyrosinase are added to a constant amount 
of sodium oleate an increasing rate of oxidation of the substrate results 
(Bodine and Allen, 1938 5). The posable mechanism of this activation 
has been previously described (Bodbe and Carlson, 1940) as being the ad- 
sorption or orientation of the proenzyme on oleate micelles. If one assumes 
that the proenzyme is protein in nature, and there seems good evidence for 
such an assumption, the relation between the activator and other proteins 
may be the same as that between protyrosinase and sodium oleate. To 



C c. PROTEIN SOLUTION 

Fig. 1. The effect of varying amounts of protein solutions on the activating power of 
a constant amount of sodium oleate. Abscissa, amounts of solution added; ordinate, 
per cent of rate given with sodium oleate alone, o, 1 per cent albumin; O, 1 per cent 
albumin heated 80*C. for 10 minutes with the sodium oleate; •, 0.2 per cent hemo- 
globin; □, casein; A, edestin; V, obverse curve of protyrosinase activation curve. 
The values shown on the abscissa are one-half actual value for the protyrosinase curve. 


illustrate this an obverse curve of the activity of increasing amounts of 
proenzyme in relation to a constant amount of activator is shown in Fig. 1. 
This curve is the reverse of what would actuaUy be shown if the activity 
of the mixture were placed on the ordinate and demonstrates that while 
certain proteins remove the potential activating power of sodium oleate, pro- 
tyrosinase does essentially the same thing. 

The effect of heat on activator-protein complexes was tested by taking 
a ratio of protein to activator which, as the result of eyetoentU t«ts, 
showed moderate inhibition and heating this mixture and then recheckmg 
its activating capacity. Hemoglobin and casein in Mch systems ^ un- 
aBected by ten^tures up to S0“C. (Fig. 2). The eSect of ddferent 



426 


PROTEINS AND ACTIVATION 


temperatures (25-80®) on albumin and edestin is shown in Fig. 2. It will 
be noted that for each of these proteins there is little effect of temperature 
until a certain point is reached when there is a rapid increase in inhibition 
of the activator (compare with results for brei minus Ac — ^Fig. 4). This 
occurs between 55 and 70° for albumin and between 45 and 60° for edestin. 
It should be emphasized again that these effects are not obtained unless the 
activator and protein are heated together (see previous paper on heat and 
brei (Bodine and Carlson, 1940)). 



Fig. 2. The effect of temperature on mixtures of proteins and sodium oleate. Ab- 
scissa, temperature in degrees C.; ordinate, the per cent rate in terms of the mixtures 
at 25°C. •, albumin with sodium oleate; O, edestin with sodium oleate. A, casein; 
□, hemoglobin. Concentrations of proteins constant for any protein throughout 
experiments and chosen so that rate changes could be easily followed. 

Inasmuch as protyrosinase (Bi), a protein, can in itself be activated by 
temperature (Bodine and Allen, 1938 5) it becomes of some interest, in 
light of the above results, to determine the action of heat on it in the pres- 
ence of sodium oleate. The addition of a small amount of sodium oleate 
to protyrosinase lowers the temperature at which heat activation becomes 
evident (Fig. 3). This change in the effect of temperature is in accord 
with the results obtained when other proteins are similarly treated with 
sodium oleate. It is known that the number of micelles increases with 
increase in temperature (Hartley, 1936). Yet the nature of the increase in 
d^ree of activation at different temperatures as well as the fact that vary- 
ing amounts of sodium oleate show the same relation^ips seems to indicate 
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that the e^qplanation of this phenomenon is not simply an increase in 
micelles. Moreover, mixtures of Bi with an excess of sodium oleate that 
have been heated at 90 for 10 minutes show no activity when more Bi 



Fig. 3. The effect of temperature with and without ultraviolet light on mixtures of 
protyrosinase and sodium oleate. Abscissa, temperature in degrees C.; ordinate, rate 
of the reaction. □, the effect of heat on protyrosinase alone; • , the effect of heat on 
prot 3 n:osinase in combination with a small amount of sodium oleate; O » the effect of heat 
following treatment with ultraviolet light on the same combinations. Top graph shows 
effect with less activation by oleate than in bottom graph. 

is added, indicating that the oleate-enzyme complex maintains and is ir- 
reversible or even increased in strength after such exposure to temperature; 
i.e.j the oleate is ‘"covered over” and no longer is capable of activating 
protyrosinase. 

It has previously been noted that all of the agents activating protyrosinase 



428 


PSOIEINS AND ACTIVATION 


also act upon proteins, denaturing them (Bodine and Allen, 1938 b). The 
effect of temperature on brei proteins as well as edestin and albumin in 
the presence of sodium oleate suggests a possible relation to denaturation. 
Since ultraviolet light is known to lower the temperature of protein de- 
naturation (Stedman and Mendel, 1926; Clark, 1935; Bovie, 1913), these 



Fig. 4 Fig. S 

Fig. 4. The effect of ultraviolet light and heat on brei minus AC with sodium oleate. 
Abscissa, temperatures to which the mixtures were exposed; ordinate, per cent of the 
rate at 25°C. •, the effect of heat alone; O, the effect of treatment with ultraviolet 
light preceding exposure to heat; □, the effect of heat treatment preceding ultraviolet 
exposure; A, the effect of simultaneous exposure to ultraviolet light and heat; ry, the 
calculated summation effect of ultraviolet light and heat. 

Fig. 5. The difference in the effects of ultraviolet light when used before or subse- 
quent to heat or brei minus AC with sodium oleate. Abscissa, temperature in degrees 
C.; ordinate, the values for solutions treated with both ultraviolet light and heat in 
per cent of those treated with heat alone. O, mixtures treated with heat and then 
ultraviolet light; • , mixtures treated with ultraviolet light and then heat. 

activator-protein complexes were subjected to ultraviolet light previous to, 
simultaneous with, and subsequent to heating. Figs. 4 and 5 show that 
exposure to ultraviolet alters the temperature effect on a mixture of protein 
and^ activator. It is evident in Fig. 4 that if ultraviolet light is applied 
before or simultaneous with heat, the potency decrease due to heat is 
greater. If, however, the ultraviolet light is used subsequent to heating, 
the effect is the same as that obtained at 25°C. The data in Fig. 4 are 
replotted in Fig. 5 to more clearly demonstrate this point. Combinations 
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of albumin or edestin with sodium oleate which are previously treated with 
ultraviolet are affected similarly. 

When a mixture of protyrosinase and sodium oleate is irradiated with 
ultraviolet before subjection to temperature, the activity of the enzyme is 
reduced and the temperature of inactivation (complete denaturation) is 
lowered (Fig. 6). This effect of ultraviolet light on the proenzyme is 
analogous to the effect noted with albumin and edestin. 

^ Many of the above reactions have been tested using Aerosol as the ac- 
tivator and some using olive oil and the results have been qualitatively 



Fig. 6. The change in the heat effect on albumin or edestin with sodium oleate caused 
by treatment with ultraviolet. Abscissa, temperature, degrees C.; ordinate, the values 
for solutions treated with both ultraviolet light and heat in per cent of those treated 
with heat alone. • , albumin; O, edestin. 

similar. Thus, the above mentioned conclusions seem to hold irrespective 
of the particular lipoidal activator. 

DISCUSSION 

A consideration of the above results suggests a parallelism between the 
mechanism of activation of protyrosinase and that for the inhibition of the 
activator produced by the addition of proteins, such as the brei proteiqs, 
albumin, hemoglobin, edestin, and casein. Since sodium oleate has been 
most extensively employed as an activator the present discussion will be 
based almost solely upon results obtained through its use although com- 
parable results are produced by all activators. 
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The possible modes of action or the relationships between activator and 
protein may be looked upon in one of two ways. First, the oleate (ac- 
tivator) may be adsorbed on the protein., Secondly, the protein may be 
adsorbed on the activator micelle. (Hartley, 1936, has described these 
micelles for paraffin chain salts. Each micelle consists of a hydrophobic 
core and a hydrophilic shell.) The evidence at hand from the present work 
seems to more or less favor the second of the above possibilities. 

Du Nolly (1926) in studying the changes in surface tension of serum 
upon the addition of sodium oleate concludes that the oleate is on the 
surface of the protein. Anson (1939) in his study of protein denaturation 
by detergents suggests that the denatured protein is kept in solution by 
detergent molecules adsorbed on their surfaces. However, he makes no 
mention of the mode of denaturation. 

It is difficult to explain a number of the results obtained in the present 
experiments on the assumption that the protein adsorbs the sodium oleate 
molecules. Results of rather crude cataphoresis experiments show that 
an activator hemoglobin or activator enzyme complex moved at the same 
rate as the protein alone and not at a rate similar to that of oleate alone. 
Data from cataphoresis (Moyer, 1940; Moyer and Moyer, 1940) and sur- 
face tension (Danielli and Harvey, 1934; Danielli, 1935) methods give 
evidence for the adsorption of proteins on fat droplets, collodion, or quartz 
particles in solutions, and on fat globules in animal cells. Many of the 
reactions studied and especially those with heat give different results if the 
protein and oleate are treated together or separately. Also, if activation 
of the enzyme is a phenomenon similar to protein adsorption, it is difficult 
to conceive of it as being activated by adsorbing oleate. It seems more 
logical, with the evidence at hand, that it be adsorbed on the oleate micelles 
and thus changed in structure or configuration. 

The mechanism by which the protein is adsorbed on these activator 
micelles is at the present not well understood. Because of the diverse types 
of activators and proteins it is difficult to explain adequately the relation- 
ships obtained by invoking the phenomenon of coacervation as developed 
by Bungenberg de Jong (1936). Micelles of oleate possess a net negative 
diarge as well as a hydrophilic shell. At the pH (6.8) at which these 
studies were made hemoglobin and edestin are on the positive side of their 
isoelectric points. They are strongly adsorbed (Fig. 1). Alb umin , nega- 
tively charged at this pH does not inhibit to a great degree until it is heated. 
Casein, however, with an isoelectric point similar to albumin behaves much 
like hemoglobin. While heat affects both edestin and albumin when they 
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are in contact with the activator, it has no effect on hemoglobin or casein 
under similar conditions. It might well be that hemoglobin and casein 
are completely denatured on the micelles while edestin and albumin are 
not. Heat then continues the denaturation process making the adsorption 
more complete. This seems also to be the case with mixtures of sodium 
oleate and the proenz)mie. The changes in activity occur at temperatures 
below the point of heat denaturation of the protein alone. This supposition 
is given further support by the action of ultraviolet light on these protein- 
activator complexes. E^qxisures to ultraviolet irradiation lower the tem- 
peratures at which proteins denature (Clark, 1935; Stedman and Mendel, 
1926; Bovie, 1913, etc.). Bovie (1913), repeating Chick and Martin’s 
work on denaturation of albumin with irradiated protein, obtained a siinilfl.r 
type of cmrve except that it occurred 10 to IS^C. lower than the untreated 
albumin. In all cases where heat affects the protein activator complexes 
in these experiments, ultraviolet caused a lowering of the temperature at 
which it occurred (Figs. 3, 5, and 6). 

Activation of protyrosinase, which may be accomplished by a number of 
factors, seems related to a change in configuration or orientation of the 
protein. Northrop (1939) has shown that comparatively slight changes in 
an inactive protein may result in the formation of an active enzyme. In 
the case of the trypsinogen to tr 3 T)sin conversion, the change is in the 
splitting of a peptide bond (Northrop, 1939). 

When the activation of protyrosinase is brought about by surface active 
compounds, it seems to be accomplished by an adsorption on the surface of 
micelles of these compounds. Other proteins are adsorbed also but the 
adsorption of protyrosinase yields a unique configuration possessing the 
enzymic properties measured experimentally. This change from inactive 
to active enzyme may well be a mild denaturation exposing cei tain groups 
via opening of bonds. Other chemicals and treatments known to cause 
similar changes in proteins are capable of changing protyrosinase to 
tyrosinase. 

SUMUABY 

1. Proteins, when added to activators (sodium oleate. Aerosol) of pro- 
tyrosinase, greatly decrease the degree of activation. 

2. Certain proteins adsorbed on activator micelles are markedly af- 
fected by temperature and are rendered more senative by ultraviolet light. 

3. are expressed as to the possible nature of activating and in- 
hibiting phenom ena especially as they relate to the enzyme tyrosiqnse. 
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THE INFLUENCE OF AGE, HYPOPHYSECTOMY, THYROID- 
ECTOMY, AND THYROXIN INJECTION ON SIMPLE 
REACTION TIME IN THE RAT 

By E. BLOOR BRODY 

{From the Deportments of Dairy Husbandry and Psychdhgy* University of Missouri, 

Columbia) 

(Received for publication, October 28, 1940) 

INTRODUCTION 

As an organism ages, the speed of physiologic processes decreases; or, as 
Carrel has put it, there is a retardation of the rate of flow of physiologic time. 
This retardation may be attributed in large part to changes taking place 
within those organismic devices, such as the nervous, circulatory, and 
endocrine systems, which are concerned with the integration and regulation 
of the various sp>ecialized organs and systems. The speed of a simple re- 
action to an electric shock, involving as it does these integrative and con- 
ductive systems, may be thought of as dependent upon their physiologic 
ages, and consequently upon the rate of flow of physiologic time within 
the organism. This report presents data on the relationship of the speed 
of simple reaction to an electric shock to age, thyroidectomy, hypophysec- 
tomy, and thyroxin injection. Thyroidectomy and hypophysectomy are 
assumed to decrease, and thyroxin injection to increase the rate of flow 
of physiologic time. 

Methods 

For the measurement of reaction time a Dodge pendulum-photochronograph* was 
adapted for use with small animals in a manner similar to one employed by hfunn.^ 

• The reaction rates were measured in the Department of Psychology; the metabolism 

and related work were done in the Department of Dairy Husbandry. 
Grateful acknowledgments are made to Dr. F . A. Courts, Department of Psychology , 
for in adapting the Dodge pendulum-photochronograph for use in measur- 

ing reaction time in rats, and to Mr. W. W. Heathman, Department of Dairy Husbandry, 
for collaboration in hypophysectomy. 

* Dodge, R. A., A pendulum-photochronograph, J. Exp. Psychol., 1926, 9, 156. Hil- 
gard, E. R.', C o ndit i»"«»«^ eyelid reactions to a light stimulus based on the reflex wink to 
sound. Psychological Monographs, 1931, 41, No. 1. 

*Munn, N. L., Devetopmental psychology, Houghton-Mifllm, New York,' 1938, p. 

107. 
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Fig. 1. Reaction rate as function of age in normal (circles), hypophysectomized 
(crosses), thyroidectomized (diamonds), and thyroid-injected (triangles) white rats. 


TABLE I 


DetfiaHons from the Normal of Metabolic Rates of Hypophysectomieed, ThyroidecUmieed^ 

and Thyroxin-InjecUd Rats 
Per cent deviation from normal 


iDjectedwith 

thjioxiii 

HypophyMCtomiaed 

Time since hypo- 
physecUnny 

Tbyroidectomued 
(some partially) 

Time since thyrold- 
ectomy 



days 



+6.0 

-10.3 

19 


lOmos. 

+13.4 

-17.2 

IS 


CC (f 

+13.7 

-19.8 

It 


It it 

+18.0 

-23.3 

IS 


11 it 

+24.6 

-30.8 

It 

-11.9 

25 days 

+25.1 

-43.4 

32 

-13.2 

II II 

+32.0 

-71.9* 

It 

-26.5 

II II 

+33.2 

-35.8 

37 

-8.6 

II II 

+39.6 
+40.9 
+50.0 
+8.0 
. +8.0 
+26.0 
+7.0 
+4.0 
+5.0 

-58.8 

It 

-15.1 

3mo8. 

1 


* This rat died 2 days after the measurements were taken. 
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The anim a l was placed in an electrified cage mounted on tambours. The movement 
of the anim a l within the cage was recorded by the simultaneous movement of a tambour 
indicator. Application of the single make shock and an indicator of the moment of 
shock were controlled by a rotating switch tripped by a steel rod borne at right angles to 
the face of the pendulum bob. The source of electric energy was a storage battery, and 
the strength of the shock was held constant by a Harvard inductorium. The animal’s 
feet were moistened before placing in the electrified cage. Measurements were made 
at a temperature of 26-3(y’C. 

The energy metabolism rate was taken to be the index of the “rate of Uving” of the 
animals, as modified by age, thyroidectomy, hypophysectomy, and thyroxin administra- 
tion. The energy metabolism was measured in an 8-cham^r Regnault-Reiset metab- 
olism apparatus, similar to the one described by Winchester.* 

The animals were selected at random from uniform stock. Since rats may live as 
long as 3^ years and the oldest rats employed in the experiment were slightly over 
years, there was probably no selection due to age. No correlation was found between 
reaction time and body weight as such. 


RESULTS 


The influence of various factors on reaction time is indicated graphically 
in Fig. 1. 

1. Endocrine factors. As indicated by Fig. 1, manipulation of the rate 
of flow of physiologic time (as measured by the rate of energy metabolism) 
by means of thyroxin injection exerted no apparent influence on the speed 
of reaction to an electric shock. Thyroidectomy, however, caused a very 
slight de crea se in the speed of reaction in that the data points are con- 
sistently on the outskirts of the normal range. With one exception the 
came holds true for hypophysectomy. (Deviations of the metabolic rate 
of injected, hypophysectomized, and thyroidectomized animals from the 
normal are given in Table I.) 

There is no doubt that the thyroid hormone not only increases general 
body metabolism, but the metabolism of nervous tissue as well, ^ indicated 
by an increased oxygen consumption in brain tissue of thyroid-fed rats, 
and by a higher rate of cortical alpha rhythms in hyperthyroid humans.* 
The failure of thyroxin injection to increase the speed of reaction to an 
electric shock probably indicates that the conductivity of the nervous sys- 
tem is already at its upper limit in the normal animal. The apparent 


* Winchester, C. F., Seasonal metabolic and endocrine rh3dhms in the domestic fowl, 

Univ. Missowi AgrU. Exp. Station Research BM. No. ^ „ 

« Cohen, R. A., and Gerard, R. W., Hyperthyroidism and brain oxidations, /. CeU. 

R^^^’lX^Ar^dSvS, R^ S., The cortical alpha rhythm in thyroid d^rders. 


Endocrinology f 1939, 26, 75. 
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decline in reaction speed following thyroidectomy or hypophysectomy is not 
surprising in view of the accompanying profound decline in metabolic rate. 
The limiting factor in this decline in reaction speed may reside not, how- 
ever, in the speed of nervous conduction, but in a lag in muscular contrac- 
tion, perhaps reflecting a lowered muscular tonus. 

2. Age. Fig. 1 shows that the reaction rate declines from birth to about 
100 days of age, remains virtually constant between 100 and 500 days, and 
rises steeply following about 2 years of age. The decline in reaction rate 
between birth and 100 days may indicate the occurrence of a developmental 
diange in certain integrative systems, probably primarily neuromuscular. 
The sharp rise in reaction time following age 2 years probably reflects senile 
changes in the conducting nervous system, since endocrine factors as such 
appear only very slightly to affect the reaction time. These results suggest 
the possibility of using reaction time as a quantitative measure of develop- 
mental rate in early life, and senescence rate at advanced age. 

ST7MMAKY 

Thyroxin injection with associated increases in metabolic rate does not 
significantly affect simple reaction time to an electric shock. Hypophysec- 
tomy and th)rroidectomy with associated decreases in metabolic rate pro- 
duce a slight decline in reaction speed. Reaction time is long in young 
animals, probably due to incomplete development of certain integrative 
and conductive systems; it remains virtually constant between puberty and 
relatively advanced age when it increases rapidly, probably due to physico- 
chemical changes in the composition of the conducting nervous system. 



THE RATE OF BACTERIOPHAGE INACTIVATION BY 
FILTRATES OF ESCHERICHIA COLI CULTURES 

By EMORY L. ELLIS and JOHN SPIZIZEN 

{Front the WiUiant G, Kerckhojf Laboratories of the Biological Sciences^ California Institute 

of Technology ^ Pasadena) 

(Received for publication, October 18, 1940) 

INTRODUCTION 

The inactivation of bacteriophage by substances from susceptible bac- 
teria has been studied by Burnet (1) and Freeman (2). Its inactivation by 
antisera has been studied by Andrewes and Elford (3) and Burnet, Keogh, 
and Lush (4). Recently Ashenburg ei al. (5) reported that saline solutions 
of gum arabic, starch, or glycogen inactivated an anti-Klebsiella pneu- 
moniae phage. 

We have studied in more detail the rate of phage inactivation by culture 
filtrates of the susceptible bacteria in order to determine the dependence of 
the process on phage and inhibitor concentrations. 

EXPERIMENTAL 

The phage inactivating solution was prepared from culture filtrates of the susceptible 
strain of coli (Bi) previously used in this laboratory (6). The organisms were grown in 
synthetic medium of the composition given by Delbriick (7). With adequate aeration, 
these cultures attained a maximum plate count at 48 hours of more than 5 X 10* organ- 
isms per cc. 16 liter cultures were incubated for 8 days with aeration. The cells were 
then spun out in a Sharpies supercentrifuge and the clear supernatant concentrated in 
vacuo at 35®C. to about one-tenth its volume. This material was then dialyzed in 
cellophane sausage casing against running tap water for 48 hours. The remaining solu- 
tion was then clarified in the centrifuge and further concentrated in vacuo at 35®C. 
It was again dialyzed, clarified in the centrifuge, and passed through a Seitz filter. The 
final product had a pH of 6.5, contained 2.5 mg./cc. total solids, and represented a 35 to 
1 concentrate of the initial filtrate of the 8 day bacterial cultures. This concentrated, 
dialyzed bacterial filtrate is called “filtrate” or simply “F” below. 

Diluted bacteriophage suspensions were prepared by lOO-fold dilution in distilled 
water of fresh filtered phage lysates of susceptible coli cultures. The susp^ion then 
contained 7 X 10* phage particles per cc. as determined by the plaque counting method 
previously described (6). 

Suitable dilutions in nutrient broth of the phage inactivating filtrate were brought to 
temperature. To 0.9 cc. of such a dilution of F was added 0.1 cc. of a dilution in broth 
of stock phage adjusted to contain about 3 X 10* phage particles per cc. This* mixture 
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was incubated at the selected temperature and 0.1 cc. samples removed from time to 
time, the amount of active phage remaining being determined by plaque counts. 

Each experimental determination of active phage corresponded usually to counts of 
two or four plates, containing a total of 100 to 400 plaques. Thus the sampling error 
lies between 5 and 10 per cent. The efficiency of plating (6) may change in the course of 
the inactivation. The data on the later stages of the inactivation reaction cannot be 
interpreted quantitatively until this point is determined. 

Rate of Phage Inactivation at (PC. 

A progressive decrease in phage assay was noted with all concentrations 
of F tried (Fig. 1). This decrease was logarithmic in all cases until 95 per 
cent of the phage had been inactivated, after which the reactions became 
slower. The reaction is therefore first order with respect to phage, as was 
indicated by Burnet (4) for several phages active against B. dysenteriae. 

The rate is not proportional to the concentration of inactivator but 
nearly proportional to the square root of this value. The rate of phage 
inactivation may thus be expressed by the equation 

where (P) is the phage concentration, (F) the concentration of filtrate 
preparation, the undiluted material being assigned the arbitrary value 
unity, and ho is a constant. Table I shows the values of calculated from 
this equation, using the rates obtained graphically, for inactivator concen- 
trations from 0.001 to 0.04. At concentrations lower than these, the re- 
sults become uncertain and variable. 

The slower rate of inactivation of the last fraction of phage is discussed 
below. That this decrease in rate did not result from exhaustion of inacti- 
vator substance is shown in the experiment plotted in Fig. 2. The inactiva- 
tion of phage was permitted to proceed until 95 per cent inactivation had 
been accomplished. Then more phage was added to the reaction vessel 
and its rate of inactivation followed. As the figure shows, the second 
quantity of phage was inactivated at the same rate as the first batch, indi- 
cating that the concentration of inactivator had not appreciably decreased. 

Rate of Phage Inactivation at 3T‘C, 

At this temperature phage inactivation followed the logarithmic curve 
for only about the first 50 per cent, after which the inactivation became 
slower. Furthermore, the relationship of initial rate to F concentration is 
different; the rate is nearly proportional to the concentration of F, not its 




Fig. 1. The influence of F concentration on the rate of phage inactivation at 0®in 
broth. The numbers adjacent to the curves refer to the concentration of flltrate in the 
reaction mixture in arbitrary units. 


TABLE I 


The Influence of F ConcetUration on the Rate of Phage InacHvaHon at (fC, in Broth 


41og(P) 
di 


ko 


0.04 

0.005 

0.002 

0.001 


0.042 

0.015 

0.009 

0.006 


0.21 

0.21 

0.20 

0.19 



Fic 2 The inactivation of a second portion of phage, after the inactivation of 95 

portion of phage was added at 65 minutes. 
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sqtiare root. Fig. 3 shows the course of the inactivation reaction for three 
F concentrations, and Table II shows the corresponding values of the 
reaction rate constant, hv, calculated from the equation 



Fig. 3. The course of phage inactivation by filtrate at 37®C. in broth. The numbers 
adjacent to the curves refer to the concentration of filtrate in the reaction mixture in 
arbitrary units. 


TABLE n 

The Influence cf F Concentration on the Rate of Phage Inactivation at 37*C. in Br<Ah 


(F) 

-iilog(P) 

di 

km 

0.05 

0.15 

3.0 

0.02 

0.05 

2.5 

0.005 

0.016 

3.2 


Clearly, the rates are here proportional to the concentration of F, not F^ 
as at 0°C. Similar experiments at intermediate temperatures showed that 
the initial rates were proportional to (F) at 20°C., but became proportional 
to (F)* " at 6*C. 

* Effect of Salt on the Inactivation 

The inhibitor substance does not pa.ss through a dialysis membrane and 
is probably a large molecule. Surface forces can be expected to play an 
important rdle in these reactions. These surface forces can be readily 
changed by changes in electrolyte concentration. The course of the phage 
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inactivation in the abs^ce of agnificant amounts of dectrolytes was in- 
vestigated, by diluting both phage and inactivator in distilled water instead 
of broth. The effects of the addition of various concentrations of sodium 
chloride were also studied. 

The addition to the broth used' as the diluting medium of 25 per cent 
NaCl stopped the inactivation reaction. No significant decrease in phage 
occurred in 2 hours incubation at 37°C. in a filtrate concentration of 0.1. 
■VWthout salt, at this (F) concentration, the phage would have been 90 per 
cent inactivated in less than 5 minutes. Similarly when tested at 0“this 
concentration of salt practically stopped the inactivation. On the other 
hand, salt concentrations of 0.5 per cent were found to increase the rate of 
inactivation. A 2.5 per cent concentration slightly decreased the rate of 
inactivation. In distilled water dilutions, where the only electrolytes were 
the impurities in the filtrate and phage, the inactivation did not proceed at 
an appreciable rate. Incubation of the phage without (F) under the sanae 
of temperature and salt concentration resulted in no change in 
the amount of phage. This is contrary to a statement by Gratia (8) who 
attributed an inactivation of phage in a lysate with added salt to a direct 
action of the salt on phage. We believe that this effect of moderate salt 
concentrations in his case may have been not on phage directly but due 
to salt accelerated inactivation of phage by substances from the lysed 


The effects of salt concentration led us to test whether phage which had 
been inactivated by F could be regenerated by agents known to be effective 
dissociating agents. High concentrations of various salts, or low concen- 
trations of soaps, were added to solutions in which phage had been macU- 
vated with F, but without the sUghtest indication of the reactivation of any 
of the inactivated phage. These reagents alone had no effect on active 
phage, in any concentrations used. 

Phage Inactivation by Common Polysaccharides 

The inactivation of phage by several coupon polysaccharides 

recently reported by Ashenburg al. (5). We have confined their r«^ts 

with gL Mabic and starch, with our phage, and have found m ^(htion 

that Sn and acetylated gum arabic also wiU inacUvate our ctff»-phage. 

The concentrations of starch or gum arabic needed to attam reawnable 

rates of inactivation (50 to 100 mg. per cc.) are greatly m ctc^ of t^ 
rates otinac J* , , soecific substance from the bacteria. The 

^^atiOTS of inhibitor substance (F) used by us contained 2.5 njg. total 

S^CC. Additkmalch«mcd-o.k on progress 
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shows that considerably more than half of this must be considered impurity. 
Therefore, it may be safely concluded that concentrations of inhibitor of 
less than 0.002 mg. per cc. produce a rapid inactivation of phage (Fig. 1). 

At 0“C., the inactivation with starch is too slow to be measured. The 
course of the reaction at 37° with stardi is similar to that with the bacterial 
inactivator. The decrease in phage is logarithmic at first, becoming slower 
in the later stages. This rate is proportional to the starch concentration. 
This is especially interesting in view of the high specificity of culture filtrates 
as inactivating agents, a specificity which parallels the adsorption of phage 
by the corresponding bacteria (1). 

DISCUSSION 

The interpretation of these data in terms of a reaction mechanism is 
complicated by several factors. The absolute concentration of inhibitor 
substance is unknown, and the relative molecular concentrations of phage 
and inactivator cannot be determined. Furthermore, this phage has not 
been isolated in high enough concentrations to make it feasible to study the 
course of the reaction in the presence of excess phage instead of excess 
inactivator. The change with temperature in the dependence of the rate 
on F concentration makes the consideration of temperature coefficients 
difficult. For example, at very low F concentrations, the inactivation at 0° 
is faster than that at 37° for the same concentration of inactivator. 

We shall consider first only the initial rates, reserving for later discussion 
the slower rates attained after inactivation of the main fraction of phage. 
The assumption of the following series of reactions accounts for the observa- 
tions in a simple way: 

» + ( 1 ) 

P + 6^P:6 (2) 

P:b-^X (3) 

The symbol P:b represents a complex of phage and inactivator in which the 
phage retains temporarily full activity, while X represents the inactivated 
complex, “h” b the molecular species of the inactivator substance which 
combines with phage and "hb” is a dimolecular form whidi b inert toward 
phage. Reactions (1) and (2) are equilibria, and are rapid and reversible, 
and reaction (3) is the rate controlling irreversible step leading to inactiva- 
tion of phage. Equilibrium (1), from our data, must be temperature 
sensitive, being pudied to the left by an increase in temperature. Accord- 
ing to these reactions, phage b monovalent with respect to “6” in this 
inactivation process. 
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Taking these reactions as descriptive of the mechanism and with the 

• A i ^ I expression can be derived. The 

equihbnum constants for reactions 1 and 2 are respectively 


_ (») 

*'■(«! 

( 4 ) 

IP (P-b) 

*"(«(« 

(5) 

The total concentration (all forms) of inactivator is 


(F) -(»)+2(M) 

(6) 

The rate of phage inactivation is 



(7) 

which by substitution from (5) becomes 



(8) 


Substituting for (&) from (4) and (6) gives 

- ^’(P) (-1 ± Vl+8K.(P)) 

M 4ai 

When the inactivator is chiefly in the form, Ki is large and the rate 
egression becomes 

which is the observed relationship at 0°C. When the inactivator is largely 
in the dissociated “6” form, the rate expression is substantially equation (8) 

- ^ - kr{P){P) where km - VKt 
dt 

which is the observed relation at 37®C. 

Although the equations assumed above lead in this way to rate e]q>res- 
sions which agree with the experimental findin gs, this does not prove them 
reality. However, they permit discussion of the observations on d efin ite 
terms. 

The iwfliionrft of Salt on the course of the reaction may be described as an 
influence on reaction (2) in which a minimal electrolyte concentration is 
necessary to permit the combmation of P and b, and high concentration 
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dissociates the P’b complex, preventing the inactivation by reaction (3). 
The precipitin reaction provides an analogy. Here, the presence of moder* 
ate amounts of electrolytes is necessary for the combination of antigen and 
antibody to proceed, whereas in strong electrolyte solutions, the combina- 
tion does not occur (9). 

After a part of the phage has been inactivated the rate decreased (see Fig. 
3), indicating that a fraction of the phage particles was more slowly inacti- 
vated than the remainder. Schlesinger (10), and Delbriick (11) reported 
that in the adsorption on live and dead bacteria, there is a fraction of the 
phage which is less reactive than the remainder. This variation in adsorp- 
tion rate of different fractions of the phage cannot explain the results ob- 
tained in the filtrate inactivation. At 0°C. the phage inactivation was first 
order until after inactivation of more than 95 per cent of the phage (see 
Fig. 1) while at 37°C. the rate was first order during the inactivation of 
about 90 per cent when (F) = 0.05, and about 65 per cent when (F) == 0.02 
(see Fig. 3). Similar results were obtained in 2.5 per cent saline solutions. 

From these results, and those previously appearing in the literature (3 
and 4) it appears that there are two competing processes, one inactivating 
phage (the logarithmic part of the inactivation curve) and the other produc- 
ing “partly inactivated phage.” The second process, if more temperature 
sensitive than the first, would result in logarithmic inactivation over a 
greater range at 0® than at 37®C. The inactivation of the “partially in- 
activated phage” might occur by (a) reversal of the second process to permit 
inactivation by the first mechanism, or (b) a direct inactivation of the 
partially inactivated phage. 

These considerations lead to the view that phage inactivation by filtrates 
is more than simply combination of phage with inhibitor substance, and 
that the extent of phage inactivation is not a direct measure of the extent 
of thb combination. This view is supported by the observation of An- 
drewes and Elford (3) that phage ceases to pass through a membrane filter 
immediately after mixing with antiserum, indicating in this case the forma- 
tion of a phage-antibody complex still retaining phage activity. In this 
regard, phage is similar to catalase (12) and urease (13), where the combina- 
tion of the enzyme and anti-enzyme does not result in complete loss of 
activity. 

SUMMARY 

1. The rate of inactivation of an an^-coH phage by filtrates of cultures of 
the homologous bacteria has been studied. 
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2. The inactivation rate at 37°C. is prop)ortional to phage concentration 
and filtrate concentration. 

3. At 0®C. the rate of phage inactivation becomes proportional to the 
square root of the filtrate concentration. 

4. A reaction scheme to account for these observations is suggested and 
discussed. 

5. This £:£>/i-phage is also inactivated by relatively large concentrations of 
soluble starch, inulin, gum arabic, and acetylated gum arabic. 

6. The inactivation is markedly influenced by salt concentration, being 
rapid at moderate salt concentrations and slow at high or extremely low 
salt concentrations. 

7. The inactivated phage cannot be regenerated by high salt concentra- 
tions, or by soaps. 

One of us (E. L. E.) wishes to acknowledge a grant in aid from Mrs. 
Seeley W. Mudd. 
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(Received for publication, October 28, 1940) 

These experiments were made to obtain more information about the 
surface of the red blood cell. Since “surface” means different things to 
different people, we shall define our meaning now. Strictly speaking, the 
surface studied by electrophoresis is the surface of shear between the cell 
(moving in the electric field) and the surrounding medium, for it is the 
potential at this surface which is the electrokinetic potential. But since 
this potential has its origin in the charged groups possessed by the cell 
membrane, we shall broadly use the term surface (unless we say otherwise) 
to mean that part of the membrane possessing these charged groups. That 
part of the membrane may be limited to the outermost constituent molecules 
of the membrane (».e., to those molecules just inside the surface of shear), 
but we have no direct evidence of this. Also we have no data on the 
variations of charge density in different portions of the surface. 

The electrophoresis studies in this paper are divided into three parts. 
First, we have determined the mobility of human red cells as a function of 
the ionic strength at approximately constant pH. Secondly, we have 
determined the mobility as a function of pH at constant ionic strength for 
intact red cells, for the lipid of the red cell stroma, and for the protein of 
the stroma. Finally, we have determined the mobility of cells and ghosts 
under experimental conditions which cause changes in the mobility. 

Methods and Preparations 

1. Method of Etearophoresis.—the mobility measurements were carried out in an 
Abramson horizontal microelectrophoresis cell, using the technique of Abramscm (1929, 
1934) and of Moyer (1936). The cell was modified in two respects. The horizontal 
observation chamber dipped slightly below the level of the stopcocks and glass support- 
ing rods, so that it rested on the microscope stage just above the condenser. This m^e 
it possible to use the ceU with dark-field illumination (paraboloid) as well as with direct 
light. With direct light a Zeiss 28x ocular and 40x water-immersion objective were 
used, while with dark-field illumination we used the same ocular and a 20x high-dry 
objective. In the mobility measurements direct illumination was used exc^t when 

specifically stated. ^ ^ , 

The other modification of the cell was the shortening of the vertical outlet tube over 
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one of the three-way stopcocks so that its top was a few centimeters below the top of the 
funnel-shaped inlet tube over the other three-way stopcock. We filled the cell rapidly 
while it was on the microscope stage in position for measurements. The cell, previously 
filled with the same solution as used for suspending the erythrocytes, was placed on the 
stage with the stopcocks adjusted to connect the inlet and outlet tubes by way of the 
observation chamber, and then the suspension of erythrocytes was poured into the inlet 
tube. This caused the solution originally in the cell to overflow out of the shortened out- 
let tube, while the suspension of erythrocytes in turn filled the cell. By pouring in a 
suspension immediately after making it, and by having electrical and optical adjust- 
ments for measurements approximately made before, we could make mobility meas- 
urements on the erythrocytes within 30 seconds of suspending them, which proved useful 
as we were often confronted with changes in mobility with time. 

The mobility measurements were made at the “stationary levels.” The specific 
resistance and the pH of each suspension were determined. The mobility measure- 
ments were made at room temperature, but all the mobilities were corrected to 25°C. 
Before each series of measurements the electrophoresis cell was cleaned with a concen- 
trated NaaPOi solution, and then, to ensure a uniform electroosmotic flow along the 
inside walls, a solution of serum was allowed to stand in the cell long enough for the walls 
to take on a coating of adsorbed protein. 

2. Solutions . — What may be considered the standard reference solution for these 
experiments was an approximately isotonic mixture of nine parts of 1 per cent NaCl, 
0.2 parts of m/15 KH2PO4, and 0.8 parts of m/15 Na 2 HP 04 . This solution has an ionic 
strength of 0.172, a pH of 7.32 db 0.2, and a specific resistance of 59.5 db 0.3 ohms at 
25®C. This will be called the “standard saline-phosphate solution.” 

For determining the effect of ionic strength on mobility, a series of mixtures of this 
standard solution and a 5.4 per cent glucose solution was made, containing per 100 parts 
respectively 50, 25, 10, 5, 4, and 2.5 parts of the standard solution. The pH values of 
the suspensions made with these mixtures were all over 7.0, except in the case of the last, 
where the pH was 6.85. 

For the determination of the effect of pH on mobility at constant ionic strength, a 
series of mixtures of NaCl solution and various buffer solutions was made with the same 
ionic strength (0.172) as the standard saline-phosphate solution. The buffer solutions 
generally contributed about 0.1 of the total volume of the mixtures. The buffer sys- 
tems were: m/10 NaOH — glycine — NaCl; m/15 Na2HP04 — KH2PO4; m/10 NaAC 
— ^HAc; m/10 HC1-— glycine; and 0.13 M HCl.^ 

3. Preparation of Cells and Cell Products . — ^We obtained our cells from human blood 
drawn within a few hours of the electrophoresis measurements. It was mixed with 
about 100 times its volume of 1 per cent saline. The cells were centrifuged down, 
resuspended with 1 per cent NaCl in a conical centrifuge tube, and again centrifuged. 
The supernatant fluid was pipetted off. In making a suspension, enough cells were 
transferred on a stirring rod from the bottom of the centrifuge tube to the suspending 
solution so as to make a concentration of about 1 in 2000. 

The lipid of the stroma was obtained by extracting intact cells at room temperature 
with a 3 to 1 mixture of ethyl alcohol (95 per cent) to diethyl ether, as was successfully 

' All S 3 rsteins to be found in Clark’s The determination of hydrogen ions, Baltimore, 
The Williams & Wilkins Co., 3rd edition, 1928. 
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used by Boyd (1936) and by Dziemian (1939). Intact cells were used, for it has been 
shown (Beumer and Btirger, 1912; Erickson et aL, 1938) that practically all the lipid of 
the red cell is contained in the stroma. The cells were obtained from freshly drawn, 
dehbrinated human blood, and after being washed and p>acked, a few cubic centimeters 
were shaken with 30 volumes of the alcohol-ether solution for an hour. The mixture was 
then centrifuged, and the clear supernatant solution decanted into a suction flask. 
From the flask the solvent was evaporated under reduced pressure between 40 and 45®C., 
so that the extracted lipid was left as a thin skin on the bottom of the flask. By shaking 
the desired suspending solution in the flask and using a stirring rod to help to dislodge the 
lipid from the bottom, an emulsion of the lipid suitable for electrophoresis measurements 
can easily be made. 

In obtaining the protein of the red cell stroma, washed ghosts were first prepared. 
Following the method of Parpart (1940), about 10 cc. of defibrinated and freshly drawn 
human blood were hemolyzed with 2 volumes of distilled water, and then about 20 


TABLE I 

Electrophoretic Mobility of Human Red Cells at 25°C. in Isotonic Mixtures (Salt and Glucose 
Solutions) of Various Ionic Strengths and Approximately Constant pH 


lomc Strangth 

lU X 10« 

V 

/t/sec./volt/cm. 

V, corrected for viecodty 

0.172 

7.37 

-1.03 

-1.04 

0.086 

10.40 

-1.24 

-1.35 

0.043 

14.71 

-1.72 

-1.92 

0.017 

23.12 

-2.44 

-2.78 

0.0086 

32.95 

-2.80 

-3.21 

0.0069 

36.80 

-3.00 

-3.44 

0.0043 

46.50 

-3.16 

-3.63 


volumes of CO^saturated water at about 0®C. were added to the mixture. The floccu- 
lated ghosts were centrifuged down, and washed six times at room temperature with a 
0.05 per cent NaCl solution. The supernatant fluid from the last washing, completed 
within an hour of the original hemolysis, appeared to be free of hemoglobin, although the 
ghosts, being of a pale pink color, contained a little of it. In order to extract the lipid 
from the protein of the ghosts, the packed, washed ghosts were shaken with 30 volumes 
of a 3 to 1 alcohol-ether mixture at room temperature for about 1 hour. The residue from 
the extraction (the protein of the stroma) was then separated from the extracting solu- 
tion by centrifugation, washed a few times with an alcohol-ether mixture, and dried in 
a current of air. For the purpose of electrophoresis measurements, small portions were 
shaken vigorously with the desired suspending solution, so that we obtained small frag- 
ments suitable for the making of measurements. 

RESULTS 

1. Mobility as a Function of Ionic Strength 

In Table I are shown the mobilities of human red cells in mixtures of 
various ionic strengths and approximately constant pH (7.3-7.0' for all 
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excq>t the mixture with an ionic strength of 0.0043 and pH of 6.85). In 
the second column of the table we have given the value of l/x for each 
mixture, where k is the Debye function of ionic strength. (At 25'’C., k is 
0.328 X 10* of the square root of the ionic strength.) In the fourth coltmm 
of Table I we have given the mobilities corrected for viscosity, obtained by 
multiplying the observed mobilities of column 3 by the relative viscosities 
of the respective solutions used. In Fig. 1 are plotted the data’of the second 
and fourth columns in Table I. 

2. Mobility As a Function of pH 

Li determining the mobilities of hiunan red cells at various pH levels and 
constant ionic strength, a phenomenon first emphasized by Abramson 


TABLE II 

Eteetrophoretic Mobility of Human Red Blood Cillt at Various pH I^oels and Constant Ionic 

Strength of 0.172 at 25‘C. 


pH 

1 

Buffer system used with NaCl solution to sdjust pH 

MobiliW in 
ift/sec./voit/cm. 

10.29 

h /10 NaOH— Glydne— NaQ 

- 1.06 

8.35 

« t< it l< 

- 1.06 

7.88 

m /15 NaiHPO.— KH iPOi 

1.07 

7.32 

<1 « l« <« 

- 1.04 

5.88 

<1 tt U it 

- 0.98 

5.87 

M /10 HAc— NaAc 

- 0.99 

4.70 

a it it 

- 0.93 

3.86 

a it it 

- 0.83 

3.53 

M /10 HCl— Glydne— NaCl 

- 0.80 

2.90 

it (1 it t* 

- 0.62 

2.22 

(f « it it 

- 0.34 

1.73 

0.13 mHCI 

0.0 


(1930) has to be considered. This phenomenon is the variation of the 
mobility with time in suspensions of low pH (generally unde** pH 4). How- 
ever, after numerous observations, using the techmque (see Methods) which 
allows for the of the first mobility measurements within 30 seconds, 

we found that the mobility remains substantially constant for about 3 
minutes from the time of the first observation (except when lysis by ^d 
occurred within this short time, in which case the mobility remained 
constant until the lysis: the mobility would then begin to vary in a manner 
which will be discussed in the next section). Therefore, in obtaining 
mobilities of red cells at any pH below pH 4, we made observations on a few 
suspensions at the desired pH, and then used only the mobility meast^ 
ments made during the periods before the onset of the variations with time 
so as to obtain an average mobility for the particular pH. 

Table II shows the mobilities of red cells at various pH levels at an ionic 
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strength of 0.172. Dark-field illumination was used in determining the 
mobilities at the two lowest pH levels in order that the mobilities of the 
ghosts formed by add hemolysis could be observed also. 

In Fig. 2 are plotted the data given in Table 11, and also the pH-mobility 
points obtained for the lipid extract of the red cell stroma and for the lipid 
extracted protein residue of the red cell stroma. The mobility measure- 
ments on Ihe lipid and protein (made with dark-field illumination) were not 
so satisfactory as those on the intact red cells. The coefficient of variation 
of a series of individual measurements (of time) on a single suspension in 
the case of these cell constituents was generally about ± 10 per cent, 
as compared with a coefficient of variation of about ±5 per cent for a 
similar series of measurements on intact cells.* In fact, the point approxi- 
mately at the isoelectric point on the protein curve is the average of measure- 
ments not only on particles with no mobility, but also on particles with very 
small positive mobilities and very small negative mobilities, whereas the 
point at the isoelectric point on the curve for intact cells is at the pH where 
all the cells were apparently stationary in the electric field. 

3. Variations in Mobility under Certain Conditions 

(a) The variation of mobility of red cells with time was found at all pH 
leveb listed in Table II below pH 4.7. At pH 4.7, or at any higher pH 
levels, no variation was found during observations on a single suspension 
(taking usually about 15 minutes). At pH 3.8, where the variation was 
first noticed, the negative mobility of the cells began to decrease about 3 
minutes after the mixing of the cell suspension, and in 10 minutes had fallen 
to half of the original value. At that pH, as well as at pH 3.5 and pH 2.9, 
the decrease in mobility began to occur before hemolysis occurred. At pH 
2.2, however, hemolysis occurred about 3 minutes after the mixing, and the 
first change in the mobility began simultaneously with the hemolysis. 
This change in mobility was not a comparatively gradual decrease as was 
found at higher pH levels. The ghosts formed by the hemolysis from cells 
moving with a negative mobility began moving almost at once with a posi- 
tive mobility. Likewise at pH 1.7, where the intact cells were stationary 
in the electric field, the ghosts formed by hemolysis (which was complete 
at«this low pH within a minute) began to move at once with a positive 
mobility. The average positive mobility of the ghosts formed at this 

* This coeffident of variation for measurements on intact cells is to be attributed 
more to errors in timing than to variations in mobilities. The individual mobility meas- 
urements were generally only about 7 seconds in length, and the stop-watch used re- 
corded only 0.2 second intervab. 
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lowest pH was 1.0 /i/sec./volt/cm., and did not appear to diange durii^ 
several minutes following hemolyas. (Similar mobility reversals on 
hemolysis in acid solutions had formerly been observed by Abramson (1930) 
with sheep cells.) ^ 

(6) A decrease of the negative mobility of intact red cells with time also 
occurs when the suspending solution is a mixture of 97.5 parts of 5.4 per 
cent glucose and 2.5 parts of the standard saline-phosphate solution. This 
decrease was decidedly slower than any caused by low pH. It involved a 
fall from —3.16 to —2.93 ju/sec./volt/cm. in 1 hour, and to —1.86 
fi/sec./volt/cm. in 2 hours,* 

(c) Finally, one other change of mobility should be mentioned. This 
change was a decrease in the mobility of ghosts prepared by Parpart’s 
method (1940) (see Methods) . It has been previously shown by us (Abram- 
son, Furchgott, and Ponder, 1939) that unhemolyzed rabbit red cells ^d 
ghosts made by various forms of lysis without subsequent CO*-flocculaUon 
have the same mobility in a solution of glucose and phosphate buffer. 
Here we found that the ghosts of human red cells made by hypotonic ly^ 
without subsequent CO, -flocculation have the same mobility (-1.04 
/a/sec./volt/cm.) as unhemolyzed human red cells m the standard salme- 


* In the case of the measurements at low iomc strengths (10 p^s ^ 

saline-phosphate solution in 100 parts of the suspending mixture), it was ^ 

traces of CuSO, (of the order of 0.001 per cent in the case of a suspension conUin^ 5 
SSTof the suIiLd saline-phosphate solution per 100 parts) were capable of marke^y 
AW HwTPasine the red cell mobility, sometimes even to the extent of reversing 
and rapidly ® „ decreases caused by such traces of copper salt were 

“IT , Tie dee««» 

only about 0.1 of p ^ because of inadequate washing of the electro- 

Northrop and mobiUties of the cells in the mixtures 

Traces of CuS 04 , however, did j f j rent alucose solution of higher ionic 
of standard saline-phosptote Xjiis also the case when a solu- 

strengths («.«., in a 1 : 1 as the suspending medium. ApparenUy 

tion of unbuffer^ 1 solutions of high glucose and low salt content were some- 
the surfaces of the cells ro the solu . . ^ y jj gait content, so that they were 

how changed from what changing their electrokinetic potential. Also 

capable of adsorb^ cupnc lo , CnSOi in a mixture of 90 parts of glucose 

there was no mobility change m buffer (pH 7.38). In this case the cupric ions, 

solution and 10 parts of u/ P ^ ^ probably are prevented from being adsorbed 

^ a. ^kuivdy to- rf p«»I, toited 

-to™*"* p^“ “•* 
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pho^hate mixture, whereas ghosts subjected to the COt-flocculation and 
washing of Parpart’s method have a mobility of only —0.85 /i/sec./volt/cm. 
in the same mixture. Ghosts prepared by Parpart’s method also behave 
differently from ghosts hemolyzed by hypotonicity which have been subjected 
to less drastic treatment in that they do not disintegrate into stromatolytic 
forms on treatment with solutions of lyotropic salts such as lithium per- 
chlorate (Furchgott, 1940). 


DISCUSSION 

From the results of the mobility measurements at various ionic strengths 
we obtain information about the contour of the red cell surface, ^t us 
consider the curve in Fig. 1 in the light of Gorin’s recent equations (Abram- 
son, Gorin, and Moyer, 1939). Gorin’s general equation (his equation 2') 
when applied to the limiting case of particles of very large radius of curva- 
ture, gives us 

V - <r(lA + n) (1) 

where V is the mobility in /t/sec./volt/cm. corrected for the viscosity of the 
medium, <r is the charge density of the surface of the particle, k is the Debye 
function of the ionic strength, and is the mean of the radii of the ions in 
the diffuse double layer. This equation predicts that for particles of very 
large radius of curvature F is a linear function of 1/k if the charge density 
remains constant. 

However, for some particles which microscopically appear to have large 
enough radii to satisfy equation (1), measurements over ionic strength 
ranges in which the charge density varies inappreciably give non-linear 
V-1/k curves. From evidence obtained largely with microscopic particles 
coated with adsorbed protein, it apf)ears that these non-linear curves are 
the result of “biunpy” surfaces, with the effective radius of curvature 
possibly being the radius of curvature of the individtud bumps (Abramson, 
Gorin, and Moyer, 1939). Conversely it appears that for particles of large 
“gross” radius of curvature and constant diarge density, deviation from 
linearity of the V-1/k curve may indicate a bumpy surface. 

Lool^g back to Fig. 1 now, we see that below 1/k of about 20 X 10~* 
(equivalent to an ionic strength of about 0.02), F is a linear function of 1/k. 
Assuming that the charge density is almost constant over this range, our 
curve shows that the red cell surface behaves at ionic strengths above 0.02 
as a smooth surface with a very large radius of curvature. Further evidence 
for the applicability of equation (1) to the present data is the value of rt 
obtmned by dividing the intercept of the curve by -the linear slope. The 
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value is 1.8 A, which is of the right order of magnitude for the mean of the 
radii of the ions (mostly Na+ and C1-) in the diffuse double layer (Gorin. 
1939). 

At values of 1/x above about 20 X 10~* (/* values below about 0.02), the 
curve in Fig. 1 is no longer linear. This, in our opinion, indicates that 
changes in the surface of the cell occur in solutions oi n < 0.02. A change 
from a smooth to a bumpy surface would decrease the slope of the curve, 
but it is more likely that the falling of the slope in Fig. 1 is a result of a 
decrease in charge density with the decrease of ionic strength. Such 
decreases of charge density in solutions of low ionic strength are a well 
known phenomenon with various kinds of surfaces (Abramson and Mdller, 
1933). Other observations lead us to believe that the falling off of the 
slope of the curve in solutions of high glucose and low salt concentration 
may actually be connected with injury to the cell surface. By this we mean 
a change in the kind of molecules or in the arrangement of molecules in the 
surface. 

Turning now to the pH-mobility curves in Fig. 2, the interesting point 
is the low isoelectric point of the red cell surface. This isoelectric point 
and also other points on the same curve below pH 4.0 were obtained before 
the onset of changes in mobility encountered at low pH levels. These 
changes in mobUity with time, which may be due to adsorption of proteins 
(possibly hemoglobin where hemolysis is occurring) on the cell surface at 
low pH levels, have led to the reporting of wrong isoelectric points for red 
cells. Abramson ( 1930) has previously discussed this matter in some detail . 

White and Monaghan (1936) have reported isoelectric points for ghosts 
(made by a somewhat drastic method of preparation) and lipid-extracted 
ghosts of cow, dog, and rabbit cells, but they did not make their measure- 
ments at corrected (for the “lens effect” of the cylindrical cell which they 
used) stationary levels. The isoelectric point which we have obtained for 
the lipid-extracted ghosts of human red cells for the stroma protein) 
is (Fig. 2) at about pH 4.7. This is not an unusual isoelectric point for a 
protein, and is not in disagreement with the amino acid analyses which 
have been made on stroma protein (Jorpes, 1932; Beach et al., 1939). 

Not only the isoelectric points, but also the entire pH-mobiUty curves 
for intact human red cells and for the stroma protein from them are de- 
cidedly diff erent. Obviously the red cell surface is not a surface of stroma 
protein. The curve for the extracted lipid of the red cells is somewhat 
closer to that for the intact cells, but here again there are definite differences. 
The isoelectric point (by interpoUtion) of about pH 2.6 for the lipid is 
almost one pH unit higher than the isoelectric point of the cells, and the 
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curve for the lipid rises considerably above the flat muTinnim level found 
for the cells at alkaline pH values. We can therefore say that the surface 
of the human red cell does not have the composition of the surface of emulsi- 
fied particles of lipid extracted from the cell membrane. 

Looking once more at Fig. 2, especially at the unusually low isoelectric 
point and the high flat maximum mobility level above pH 7 in the curve 
for intact cells, it seems to us that the surface of the hiunan red cell is 
dominated by strongly acidic groups. In view of the large cephalin content 
of these cells (Erickson e/ al., 1938; Dziemian, 1939), it may be that these 
groups are the phosphoric acid groups of cephalin molecules. A surface 
of oriented molecules of cephalin and other lipids would probably satisfy 
our electrokinetic data, but the data, admittedly, do not rule out the 
possibility of smaller amounts of protein being in the surface also. 

SUlOfABY 

1. The electrophoretic mobility of unhemolyzed human red cells has been 
determined as a function of ionic strength at approximately constant pH in 
isotonic mixtures of glucose solution and saline-phosphate buffer solution. 

2. Above an ionic strength of about 0.02 the cells behave as particles 
with a smooth surface of large radius of curvature. Below an ionic strength 
of about 0.02, changes of the surface occur, probably involving a decrease 
of charge density and perhaps connected with injury of the surface. 

3. The mobility as a function of pH at an ionic strength of 0.172 has been 
determined for human red cells, for the lipid extract of the cells, and for 
the stroma protein of the cells. The isoelectric points of cells, lipid, and 
protein have been found to be about 1.7, 2.6, and 4.7 respectively. 

4. The pH-mobility data lead to the conclusion that a red cell surface is 
composed largely of lipid and dominated by strong acid groups, possibly 
the phosphoric acid groups of cephalin molecules. 

To Dr. M. H. Gorin, now of the Magnolia Petroleum Co., Dallas, Texas, 
and to Dr. H. A. Abramson of the Collie of Physicians and Surgeons, 
Columbia University, we extend our thanks for their interest and suggestions 
relative to the work in this paper. 
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The optical study of difiusion, which has yielded such brilliant results in 
recent years, is suited only to substances which can be obtained in pure 
8Qhitir>ri. It caimot be applied successfully to mixtures of several com- 
ponents, nor to suspensions of material such as animal viruses, the actual 
concentration of which, in terms of weight of substance per volume of solu- 
tion, is in general unknown. For these the study of diffusion must be 
analytical, that is, consist in sampling and testing quantitatively for specific 

activity. . 

Unfortunately, analytical diffusion is beset with numerous techmcal 
which have not yet been completely eliminated. Convection 
currents due to temperature gradients, the effects of vibrations, and dif- 
ficulties in gftmpHng represent probably the most common sources of error. 
The ingenious solution given the problem by Northrop and Anson (1) has 
been thus far the most satisfactory. This paper describes a different and 
very simple analytical diffusion method applicable to biological substances. 
Though it is probably not entirely free from the l^rds enumerated abow, 
it has been found suitable for a study of crystalline beef hyer cat^, the 
results of which are reported below, and has been apphed smce to an in- 
vestigation of the diffusion of several viruses. 

Theoretical 

The TOthematid solution of a problem of difluston d^ds on tlm 

ti,X^imentol conditions. The procedure employed ammted of 

a layer of water or buBer on a solution contm^ the mate- 

L.l«tion Jlowiiw the latter to diSuse upward, sampling at 

rml oud« mvestUffl t^jg^ g^^ concentration in the samples. Under 
»Sons,*the g«eral ditierential equation de/d, - 
has the particular solution 


1 — TtCtfC^ “ 


I'r-'d, 


( 1 ) 
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in which 

X is the distance in centimeters measured vertically from the initial bound- 
ary; D is the diffusion constant; t is the time in seconds. In equation 
(1) C. is the concentration x centimeters from the initial boundary; Co is 
the initial concentration of the solution when / = 0; and the right-hand mem- 
ber is the probability integral, the value of which can be found in tables. 

If one assumes that the diffusing particles are spherical, the molecular 
weight of a substance can be calculated from the diffusing constant alone. 
For D = RT/N‘\/f, in which R is the gas constant, T the absolute tem- 
perature, N the Avogadro number, and / the frictional resistance opposed 
by the surrounding medium. For spherical particles. Do = RT/N ‘l/ft, 
so that Di/D = ///o. The term ///o expresses the ratio of the resistance 
offered a nonspherical particle to that offered a spherical particle of the 
same mass. For a spherical particle of colloidal dimensions, f = fi — 6 
mfr, in which i) is the viscosity of the solution at temperature T, and r is 
the radius of the particle. The molecular weight of the substance is then 
4/3 •irr’piV, in which p is the density of the particle. A very accurate value 
for the molecular weight thus calculated can, of course, hardly be expected 
since the value obtained for D becomes cubed in the calculation, and since 
//fo remains unknown. 

It is important to note from equation (1) that all that is needed for the 
calculation of is the relative concentration C./Co of the solution at a 
given distance from the initial boundary after a given time, and that the 
actual concentration, in terms of weight of substance per volume of solution, 
is not required. Without this advantage the diffusion study of most viruses 
could not be attempted. 

The accuracy of the value obtained for D from one single sample removed 
after diffusion will depend on the accuracy of the anal 3 rtical method applied. 
We have foimd that the most satisfactory procedure consisted in determin- 
ing the concentrations of as many samples as possible, plotting them on a 
chart against the vertical distance above the initial boundary, and deter- 
mining the theoretical curve which gives the best fit. If ilie substance 
under investigation can be determined in very low concentration, the values 
of /elative concentration obtained are plotted logarithmically as the or- 
dinates, against the vertical distances in the cell as the abscissae. For x » 
0, C,/Ct will always be equal to 0.5, no matter how long diffusion is allowed 
to proceed. This procedure was used in the present investigation with 
catalase, which served as a test substance, and will have to be applied in 
the study of viruses. 
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Vertical di&tance above initial l>ounciary 

Fig. 1. Diffusion of catalase. Temperature 4*’C. Theoretical curves calculated 
for D * 3.1 X 10“’ cm.’/sec. 


To syringe 



Fig. 2. Diagram of diffusion cell. 
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Now since the curves thus obtained (Fig. 1) become more vertical with 
increasing values of —log C»/Co, the experimental error inherent in the 
concentration determination of each sample, though remaining of the same 
magnitude, becomes of less importance the smaller the relative concentra- 
tion. On the other hand, since x appears to the square and D to the first 
power, experimental error in the computation of x will have an important 
effect on the value derived for Z), and this error will be relatively greater the 
smaller the value of x. Consequently, the best experimental conditions 
will be realized when the material investigated can be determined in very 
low relative concentration and when diffusion is allowed to proceed long 
enough to make sampling possible at a sufficient height above the initial 
boundary. 

ApparcUus 

Description , — The apparatus used is illustrated in Fig. 2. It is entirely made of glass 
and consists of two bulbs, A and F, and one large cup, C, all linked through glass tubing 
with the same stopcock, D, By turning the stopcock by 120®, A may be connected with 
B, B with C, or A with C. The bulb in the center, B, is the diffusion cell. It is exactly 
cylindrical on a length of about 3 cm., and its capacity is about 5 cc. Its upper end 
narrows to a capillary less than 1 mm. in inner diameter and about 1 cm. in length, which 
widens again into the small sampling cup, E, The capacity of C and A is about 6 cc. 
each. The upper end of A is connected through a section of rubber tubing with a 10 cc. 
glass syringe (not shown in diagram). The plunger of the S3ninge is operated by a 
synchronous electric motor. 

Filling . — The apparatus is first entirely filled with water or buffer and immersed in a 
constant temperature water bath, the water completely covering cell B. Bulb A is 
connected with the rubber tubing and syringe, which are also filled with water. Cup C 
is emptied by moving the plunger back until the fluid in C just reaches the bottom of the 
cup; the last drops in C are mopped up with filter paper. The solution to be studied is 
then poured into C, the stopcock turned so as to connect C and A^ and, by pulling the 
syringe plunger slowly by hand, the fluid is displaced from C to i4 until the meniscus in 
C reaches the bottom of the cup. The plunger is geared to the motor for forward motion , 
the stopcock is turned so as to connect A with B, and the motor is started and allowed to 
run until the boundary formed reaches about the middle of B, the duration of the process 
being exactly recorded. The stopcock is turned to connect A with C, and the apparatus 
is allowed to stand the necessary number of days. Fig. 2 shows that this arrangement 
permits the formation of a sharp boundary. 

Sampling , — Cup E is emptied with a thin pipette, the stopcock turned to connect A 
with B, and the motor started; the fluid which comes out is pipetted from cup E at 
intervals while the time is exactly recorded. 

In the apparatus used by the author the cross-section of the cell was 1.10 cm.*; the 
motor displaced 39 mm.* of fluid per minute. From these data and from the time record 
of each experiment the mean height of each sample above the initial boundary was easily 
calculated. The apparatus was placed in the same vibrationless water bath used with 
the Tiselius electrophoresis cell. The temperature was about 4 d= 0.01 ®C. 
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Diffusion of Catalase 

MaUrial. Four times rccrystallized beef liver catalase, prepared by the method of 
Sumner and Bounce (2)^ was used. The crystals, suspended in water, were dissolved 
with the help of solid NaCl and phosphate buffer to make a solution which was about 
m/1 in NaCl and m/10 in Na phosphate, with a pH of 7.4. The total salt concentration 
was thus about 7 per cent; the catalase concentration was 1 or 2 per cent. The solution 
was perfectly clear and would keep so for weeks; no residue was ever observed. 

This material was found to be very nearly homogeneous by optical dif- 
fusion, with a diffusion constant of 4.4 X 10“^ at 20®C., and a ‘‘Kat./.”» of 
35,500 (3). For previous preparations Sumner and Gral6n found a molecu- 
lar weight of 248,000, derived from a sedimentation constant of 11.2 X 
10~“, a diffusion constant of 4.1 X 10“^ at 20®C., and a partial specific 
volume of 0.73 (4). Calculation of the as 3 rmmetry factor gave f/fo = 
1.25 (5). The isoelectric point was at pH 5.7 (6). 

Determination of Catalase Concentration. — Catalase activity in the dif- 
fusion samples was determined as follows: Into a large test tube were in- 
troduced 5 cc. of 0.01 N H 20 a, 1 cc. of 0.05 n Na phosphate buffer pH 6.8, 
and 0.1 cc. of an adequate dilution in water of the unknown diffusion 
sample. The test tube was kept at 0® and 1 cc. aliquots were removed from 
time to time. A drop of 25 per cent H 2 SO 4 was immediately added to them, 
and they were titrated with 0.005 n KMn 04 . The reaction constant was 

obtained from the equation k = 1/Mog — — in which t is the time, a 

a — X 

the original amount of peroxide, and o — * the amoimt left after time 
Since the value of the reaction constant dropped slowly with time, the 
value chosen for k was that found by interpolation for a/ {a — x) = 2. In 
some in order to determine the smallest possible catalase concentra- 
tions, the reaction was allowed to proceed overnight; thus, amounts of 
equal to about 0.003 micrograms were estimated with sufficient 
accuracy. The reaction constant being proportional under given condi- 
tions to the amount of catalase present, the relative catalase concentration 
in the diffusion samples could be directly obtained. 

RESUXTS 

The results of four experiments are given in Fig. 1 on which the logarithms 
of the relative concentrations of catalase have been plotted against the 

1 We are much indebted to Dr. J. B. Sumner and Dr. A. L. Dounce for supplying us 

with a sample of their materisL . 

* “Kat /” is equal to k monomolecular per gram ensyme m 50 cc. reactiop mixture, 
as by Euler and Josephson (Euler, H. von, and Josqihaon, K., Ann. Chem., 

1927, 462, 158). 
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vertical distances measured from the initial boundary. In experiments 1 
and 2 the original catalase solution was diSu^d against water for 80,000 and 

171.000 seconds, respectively. In experiment 3 the catalase solution was 
first dialyzed against buffer (m/1 in NaCl and m/10 in Na phosphate, pH 
7.4) and then allowed to diffuse into another batch of the same buffer for 

257.000 seconds; in experiment 4 diffusion was allowed to take place into 
buffer for 173,000 seconds, but the latter had previously been slightly 
diluted with water so as to create a difference in salt concentration between 
the lower and the upper solution of about 1 gm. per 100 cc. Theoretical 
curves have been drawn on the chart to give the best fit for all experiments. 
(The curves for experiments 2 and 4 come so close to each other that only 
one has been drawn.) They all express the ideal diffusion of particles with 
a diffusion constant, D, equal to 3.1 X 10“^ at 4^C. From the degree of 
scattering of the points on the chart, this figure can be estimated to be 
correct within approximately plus or minus 5 per cent. 

In experiments 1 and 2 the diffusion of catalase was accompanied by 
the simultaneous diffusion into water of a 7 per cent salt solution; in experi- 
ment 3 catalase alone was diffusing into buffer; in experiment 4, a 7 per 
cent salt solution was diffusing into a 6 per cent salt solution. These vary- 
ing conditions did in no case influence the diffusion of catalase to an appre- 
ciable degree. 

In one experiment only (not reported) appreciable mixing occurred. All 
samples above x — 0.5 }delded the same concentration as at x 0.5; in 
that case catalase alone was diffusing (as in experiment 3). At » = 0.5 the 
concentration gradient of a protein under simUar conditions is near zero. 
In this experiment it was probably insufficient to oppose accidental con- 
vection currents. 

In a control experiment, in which catalase diffused into pure water, 
filling of the cell was followed immediately by sampling without stopping 
the motor. The total time was 7650 seconds. Between x — 0 and x = 
0.23, the mean relative concentration found was —0.8 log; between x => 
0.23 and x = 0.45, —3.1 log; no catalase was detected above. This is 
probably as good a result as can be expected when sampling is attempted 
immediately after filling and has to take place in a region where the con- 
cei^tration gradient is exceedingly steep. 

The value of 4.4 X 10~^ obtained for the diffusion constant by optical 
measurements at 2(fC. (3) becomes 2.7 X 10~^ at 4i^C. after correction for 
temperature and viscosity. The value obtained by us of 3.1 X 10~^ is 
therefore in fair agreement, considering the nature of the method em- 
ployed. Assuming the validity of such a correction even over a tempera- 
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ture difference of 16®, the slight discrepancy found might be explained by a 
systematic error in the calculation of the mean height of the samples, 
resulting in a shift of all points toward the right side of the chart, or by the 
simultaneous diffusion of a salt, as in experiments 1 and 2, or finally by such 
external causes as vibrations or temperature fluctuations. 'Any gross 
heterogeneity in the active diffusing material would have distorted the 
observed curves and yielded straight lines or curves concave toward the 
upper right comer of the chart, which is obviously not the case. Any small 
heterogeneity would have passed unnoticed. From what is known of the 
chemical constitution of catalase (2) one cannot expect the molecules to 
split into active fractions smaller than halves. 

The results reported above show that this diffusion method can be used 
successfully for the study of biologically active material and that correct 
results can be obtained from samples withdrawn as high as 1.5 cm. above 
the initial boundary, whose concentration is less than one hundred thou- 
sandth that of the original solution. The simultaneous diffusion of a salt, 
which creates a concentration gradient moving ahead of the protein, does 
not affect appreciably the diffusion of the latter and seems to be a satisfac- 
tory way of avoiding possible erratic results due to convection. The tech- 
nique is now being applied to the study of some viruses. 

SX7MMARY 

A simple diffusion apparatus has been described in which a layer of solu- 
tion is allowed to diffuse upward into a layer of solvent. Accurate sampling 
is performed at various heights and the concentration of the samples is 
determined. 

The method has been illustrated with a determination of the diffusion 
constant of crystalline catalase, which was found to be 3.1 X 10“’' cm.*/sec. 
at 4®C. The method should be especially suited to the study of biological 
substances endowed with specific activity and which cannot be obtained 
in pure solution. 
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THE STRUCTURE OF THE COLLODION MEMBRANE AND ITS 
ELECTRICAL BEHAVIOR 

I. The Behavior and Properties op Commercial Collodion 

By earl SOLLNER, IRVING ABRAMS, and CHARLES W. CARR 
{From tile Department of Physiology, University of Minnesota, Minneapolis) 

(Received for publication, November 25, 1940) 

In the past there have been very many investigations of the behavior of 
collodion membranes with special attention to the phenomena and prob- 
lems associated with electrolyte diffusion, or more properly, ion penetration. 
However, the fundamental characteristics of such membranes are still in- 
adequately understood. Highly dried membranes with low permeability 
and high selectivity were investigated thoroughly by Michaelis and his 
co-workers.‘ Their work and that of later students has not, however, 
satisfactorily elucidated the more intimate reasons for the behavior of such 
membranes. The characteristics and behavior of membranes of greater 
permeability, which have even more biological significance, have received 
less attention than they deserve. 

The absolute necessity of further investigation of the properties of col- 
lodion membranes has recently been emphasized by our indifferently suc- 
cessful attempts* to reproduce the fundamental observations of Loeb* on 
anomalous osmosis. Using a number of brands of collodion, only one 
(foreign) brand gave anomalous osmosis approaching the findings of Loeb. 

This ime3q)ected difference between different collodion preparations im- 
mediately suggested that even a partial clarification was bound to be ut 
considerable importance. In order to be able to continue current investi- 
gations, we were forced to clarify this matter since, due to the war, it became 

* Michaelis, L., and Fujita, A., Biochem. Z., Berlin, 1925, 108, 28; 1925, 161, 47; 1925, 
164, 23; Michaelis, L., and Dokan, Sh., Biochem. Z., Berlin, 1925, 162, 258; Michaelis, 
L., and Hayashi, K., Biochem. Z., Berlin, 1926, 173, 411; Michaelis, L., and Perlzweig, 
W. A., J. Gen. Physiol., 1927, 10, 575; Michaelis, L., McEUsworth, R., and Weech, A. 
A., J. Gen. Physiol., 1927, 10, 671; Michaelis, L., Weech, A. A., and Yamatoii, A., /. 
Gen. Physiol., 1927, 10, 685; Michaelis, L., BiM. Nat. Research Council, No. 69, 1929, 
119; Kottoid-Z., 1933, 62, 2; and other publications. 

* Sollner, K., and Abrams, I., J. Gen. Physiol., 1940, 24, 1 . 

* Loeb, J., J. Gen. Physiol., 1918-19, 1, 717; 1919-20, 2, 173, 225, 387,.563, 577, 659, 
673 ; and many other papers in the succeeding volumes of the same Journal, 
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more and more difficult, finally impossible to procure the (imported) col- 
lodion which had the desired properties. 

The resulting investigation has led to an increased knowledge of the 
factors responsible for the electrochemical behavior of collodion mem- 
branes. Furthermore, we are now able to prepare membranes of a very- 
high degree of electrochemical activity at will in the laboratory (Part II, 
to be published later). 

A review of the literature showed that other investigators have had 
similar experiences when studying the electrical, particularly electromotive 
properties of collodion membranes. 

In 1927 Michaelis and Perlzweig^ tested at least ten different nitrocellu- 
lose preparations before finding one suitable for their studies of the elec- 
tromotive behavior of highly dried collodion membranes. Only “Cel- 
loidin Schering” gave membranes which consistently showed maTimnm 
concentration potentials and reasonably measurable permeabilities (electric 
conductivity). The other preparations yielded membranes showing very 
poor electrical conductivity (permeability), lo\; concentration potentials, 
or a combination of the two. 

In 1935, Wilbrandt* (in Michaelis’ laboratory) observed the same fact 
again and remarks that “KoUodium Schering-Kahlbaum DAB 6” “yielded 
the membranes with the highest and the most consistent concentration 
potentials, while with other types of collodion lower and less consistent 

potentials were obtained ” “ the membranes with low potentials 

often had a high resistance and vice versa.” Table I shows the potentials 
of various types of membranes as found by Wilbrandt. 

Some results concerning anomalous osmosis which have been obtained 
consistently by the present authors are summarized in Table II. It should 
be stated that anomalous osmosis is necessarily a very sensitive indicator 
of the electrical acti-vity of a membrane.* The values given are pressure 
rises in a manometer tubing after 20 minutes when a bag containing the 
solution indicated is placed into distilled water. For details of the tech- 
nique the reader is referred to our previous paper. The membranes used 

* Michaelis, L., and Perlzweig, W. A., /. Gen. Physiol, 1927, 10, 575. 

» WUbrandt, W., /. Gen. Physiol., 1935, 18, 933. 

* * According to Loeb’s experiments (see footnote 3) and the theory of one of us (SoU- 
ner, K., Z. Elektrochem., 1930, 86, 36, 234), the extent of anomalous osmosis is propor- 
tional to the product of eiectrokinetic (i*) potential and membrane (<) potential. As 
both of these magnitudes are directly dependent upon the electrochemical structure of a 
membrane, it is easily understood that any phenomenon which is proportional to the 
product of the two must necessarily be a very sensitive indicator of the “activity” of a 
membrane. 
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were, as far as possible, of the same porosity, as tested by their behavior 
towards sugar solution. No amount of effort and experimenting {e.g., 
changing the porosity) obliterates these characteristic differences between 

TABLE I 
(After Wilbrandt) 

CoHceiUratioH Potentials of CModion Membranes of Various Brands of Collodion, Measured 
between n/lOO and s/1000 Ka (in me.) 


Brand of collodion 

Concentration potential 


EOflieat value 

Loveat value 

Collodion Mallinckrodt 

25 

16 

Collodion Merck u.s.P. X 

48 

10 

Kollodium Schering-Kahlbaum “zur Herstellung von 
Menibranen” 

50 

38 

Kollodium Schering-Kahlbaum “zur Analyse” 

46 

35 

Kollodium Schering-Kahlbaum DAB 6 

56 

50 



TABLE n 

Anomalous Osmosis through Membranes Prepared from Several Brands of Collodion 


1 

2 

3 

4 

5 



1 Anomaloua oamotia 


Oimotic rise 




Brand of collodion 

withaugar— 

KCl 

KiSO« 

M* 

Ka-dtrate 

n* 



256 

512 

128 



mm. 

mm. 

mm. 

^Tarlodion” Mallinckrodt 

130 

8 

35 

24 

Collodion Merck u.s.p 

128 

14 

54 

112 

Collodion Baker u.s.p 

128 

6 

48 

130 

Collodium Schering-Kahlbaum “pro 





analysi” 

122 

8 

55 

132 

Collodium Schering-Kahlbaum “zur 





Herstellung von Membranen” 

125 

19 

100 

262 

“Celloidin” Schering-Kahlbaum “for 





general use” 

126 

70 

228 

410 

Collodium Schering-Kahlbaum DAB 6. 

124 

26 

195 

390 


* This concentration was chosen because it i^ves majdxDum effects with membranes of mod* 
erate activity.^ 


different brands of collodion. Several other brands^ of ether-alcohol soluble 
nitrocellulose not listed in the tables were also tested. Their behavior and 
their content of impurities are about the same as those foimd with the do- 
mestic brands of collodion obtainable from supply houses. 

^ For providing such samples of nitrocellulose we should like to express our thanks to 
the Hercules Powder Company and the American Cyanamid and Chemical Corporation. 
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Incidentally, it may be mentioned that Preuner and Roder,' investigat- 
ing anomalous osmosis at about the same time as Loeb, used a Schering 
collodion, called ‘‘KoUoidin," for their experiments. 

Though many casual remarks concerning our problems are contained in 
the membrane literature, only very few papers deal specifically with it. 
Most of the older work on collodion membranes assumes more or less 
tacitly that the electrical properties of such membranes are due to ion 
adsorption. This view, lately considered skeptically by many investi- 
gators, at least for strong electrolytes, could hardly furnish a basis for an 
explanation of our problem, namely, the differences between different 
brands of collodion. 

Michaelis, in one of his latest papers on collodion membranes,* makes the 
following statement pertaining to our problem: 

“It must be left to a further study of the experts of collodion manufacture to in- 
vestigate how this effect is influenced by the method of manufacturing. It certainly is 
not the degree of nitration. But after personal discussions with experts, I think it 
possible that the degree of degradation of the original cellulose molecule during the 
process of nitration is of importance. The specific effect seems to be greater the 
more intact the molecular size of the cellulose remains during nitration.” 

lAfilbrandt, in considering this question, says “This difference is certainly 
not due to different sizes of pores, for the membranes with low potentials 
often had a high electric resistance and vice versa. Different degree of 
nitration does not seem, either, to be the cause.” The NOa-groups of the 
nitrocellulose — according to Wilbrandt — act as dipoles, with the negative 
charge directed towards the intermolecular spaces, i.e. towards the pores, 
thus causing in some way the charge of the membrane. “Now Mathieu,” 
Wilbrandt continues, “has foimd that the rearrangement of the molecules 
in the films, especially in the highly nitrated ones, was very variable. 
Sometimes he obtained very sharp interferences, sometimes very indistinct 
patterns. It is highly probable that the variability of concentration poten- 
tials is due to this variability of the arrangement of the molecules.” 

\ifilbrandt, in common with most earlier authors, bases his discussion of 
the collodion membrane and its behavior entirely on a consideration of the 
ideal nitrocellulose molecule. The ideal nitrocellulose molecule should be 
an inactive substance whatever its NOt a>ntent may be. However, it 
should be noted that collodion, i.e. ether-alcohol soluble nitrocellulose, is 
not cellulose hexanitrate but contains definitely less nitrogen. A detailed 

* Preuner, G., and Roder, O., Z. Eietarochem., 1922, 28, 54. 

• Michaelis, L., KoUoid-Z., 1933, 88, 2. 
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discussion of Wilbrandt’s special views is beyond the scope of this paper. 
Suffice it to say that in our opinion it does not seem likely that dipoles 
should be able, in the manner indicated 'by Wilbrandt, to influence the 
charge of the membrane. The structure of an electrical double layer, 
particularly in the presence of considerable concentrations of electrolytes, 
can hardly be influenced to such an extent merely by oriented dipoles. 
The results of our investigations presented in this paper moreover make 
the hypothetical assumptions of Wilbrandt entirely unnecessary. 

Meyer and Sievers,^® emphasizing a point mentioned by several earlier 
investigators, believe that the electrical properties of collodion membranes 
are due to acid groups: “These acid groups could be carboxyl groups which 
are always foimd in cellulose, or possibly semi-esterified sulfate groups.” 
At another place they mention pectic substances as possible carriers of 
acid groups. 

That cellulose and cellulose derivatives generally have a certain degree of 
acidity seems to be universally acknowledged. Cellulose chemists usually 
discuss these properties in a casual way under the heading “oxycellulose.”*^ 
A recent paper of Beutner, Caplan, and Loehr^ deals specifically with the 
acidic properties of collodion. In a subsequent paper we hope to discuss 
this problem from a broader angle and a quantitative point of view. What- 
ever the outcome of these investigations will be, the general idea that im- 
purities of an acidic nature cause the electrochemical activity of collodion 
lends itself to an experimental test. According to this general view, ac- 
tivity and degree of impurity should go parallel, the most active brands 
being the most impure ones. 

It seems to be not without significance that the most inactive of the 
brands of collodion (“Parlodion” Mallinckrodt) tested by Wilbrandt and 
ourselves is also the most expensive one and that Kollodium Schering-Kahl- 
baum DAB 6 and “Celloidin for general use” are the least expensive grades 
among the Schering-Kahlbaum preparations. 

A product like ether-alcohol soluble nitrocellulose (collodion) is un- 
doubtedly variable in different respects as to degree of nitration, particle 

1® Meyer, K. H., and Sievers, J.-F., Hdv. Chim. Acta, 1936, 19, 649, 665. 

It is obviously outside the scope of this paper to discuss the very controversial 
matter of "oxycellulose.” The interested reader is referred to the literature. Sum- 
maries may be found, e.g, in Schwalbe, C. G., Die Chemie der Cellulose, Berlin, Bom- 
traeger, 1910/11 and 1918, particularly pp. 221 ff., and Hess, K., Die Chemie der 
Zellulose und ihiei Bej^eiter, Leipzig, Akademische Veilagsgesdlschaft, 1928, partic- 
ulatly pp. 455 /. 

** Beutner, R., Caplan, M., and Loehr, W. M., J. Bid, Chem., 1933, lul, 391. 
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size distribution and mean molecular weight, impurities, etc. These fac- 
tors may all be interrelated to some extent. 

Nevertheless, a better knowledge of the factors basically determining the 
electrochemical behavior of collodion should carry us a step further toward 
the solution of a problem which has puzzledmany investigators in the past 
It may be worthwhile at this point to recall the conventional process of 
nitrocellulose manufacture, which in essence is as follows: Cellulose is 
swelled in NaOH, bleached if necessary with chlorine to obtain a colorless 
product; it is then washed, dried, and treated with a mixture of nitric and 
sulfuric acids. This product is freed from acid by washing, followed by 
prolonged boiling with a very dilute acid solution or with water. For 
products of a high degree of purity, this boiling process may be carried on 
for 100 hours or longer. From the rather indefinite statements in the litera- 
ture one gets the idea that this very prolonged washing is necessary to hy- 
drolyze certain sulfuric add compoimds, probably esters. 

One, therefore, has to expect that collodion prepared from poor, unclean 
raw material would always yield an “active” collodion, since thorough 
bleaching would be necessary. We may safely assume that such bleaching 
would yield many oxidized groups, the end groups of the cellulose chain 
molecule and possibly CH*OH-groups being acted upon. Suffident 
oxidation would result in the presence of carboxyl groups on the nitro- 
cellulose chain. These add groups could be the factor determining the 
electrochemical properties of membranes prepared from such material. 

Since oxidation is known to cause a splitting of cellulose chains, one would 
e3q)ect that such a product would have a lowered mean molecular weight. 
Consequently it should show low tensile strength in the dry state, as in the 
form of a film, and low viscosity when dissolved. 

Undean raw material may also contain appredable quantities of pectic 
substances; after treatment with alkali, they would actually be hydrolyzed 
to pectic add. Such substances would not be destroyed by nitration; 
indeed, nitropectin has been described as having properties generally simi- 
lar to those of nitrocellulose.” 

Finally, any material which is not sufi&dently purified (whatever the 
purity of the raw cellulose used may be) could contain sulfuric add in some 
eombined form. If present as add cellulose esters, it would make the col- 
lodion “active.” 

A possible experimental approach to our problem was to determine 
whether parallelism between “activity” and adi content is indicated in a 

” Hengirin, F. A., and Schneider, G., Ber. chtm. Ges., 1936, 09, 309. 
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comparison of different brands of collodion. This method involves the 
rather reasonable assumption that the non-volatile bases originating from 
the materials and water used are present somewhat proportional to the 
number of acid groups. 

Dried samples of the various collodions were therefore carefully ashed. In order to 
avoid too rapid combustion, it was found practical to thoroughly wet the samples with a 

TABLE in 


Some Chemical and Physical Characteristics of Several Brands of Collodion 


1 

1 2 

3 

4 

5 

6 

Brand of collodion 

Mg. ash 
pergm. 
dry 

collodion 

Optical properties 
of commercial 
solutions 

Tensile 
strength of 
membranes 

Viscosity 

(relative 

values, 

water 

-3.7) 

Mg.SOs 

pergm. 

collomon 

**Parlodion” Mallinckrodt 

0.16 

Clear* 

Very high 

106 

0.04 

Collodion Merck u.s.p 

0.23 

Clear 

Very hij?h 

93 

0.2 

Collodion Baker u.s.p 

Collodium Schering-Kahlbaum 

0.45 

Qear 

Very high 

82 

0.2 

“pro analysi” 

Collodium Schering-Kahlbaum 
“aur Herstellung von Mem- 

0.4 

Very slightly 
turbid 

High 

88 

0.3 

branen” 

“Celloidin’* Schering-Kahlbaum 

1.3 

Turbid, small 
sediment 

Poor 

40 

0.9 

“for general use” 

Collodium Schering-Kahlbaum 

3.6 

Very turbid, 
sedimentf 

Poor 

46 

2.0 

DAB 6 

3.5 

Very turbid, 
heavy sedi- 
ment 

Very poor 

28 

3.1 


* The solid commercial product yields a clear solution in ether-alcohol, 
t The commercial product yields a very turbid, strongly yellowish solution in ether-alcohol; 
some sediment appears on standing. 


mixture of equal amounts of alcohol and water and to bum slowly in a covered platinum 
crucible, adding only small quantities of the nitrocellulose at a time. 

The results of these analyses are summarized in column 2 of Table 111. 
A comparison with Table I and Table II reveals an obviously dose paral- 
lelism between activity and ash content. 

Columns 3, 4, and 5 of Table III give a comparison of other properties, 
namely, optical properties of the conunercial solutions, tensile strength, 
and viscosity. 

The domestic brands of collodion solutions are perfectly* dear and 
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usually show no appreciable scattering of light. With the four grades of 
Schering-Kahlbaum collodion used there is a dose paralldism between in- 
creasing turbidity and tendency toward sediment formation on the one 
hand and ash content on the other. Only Collodium Schering-Kahlbaum 
“pro analysi” was somewhat similar to the purer brands of collodion. 

The tensile strength of membranes (of roughly the same thickness) was 
high for the three brands named first in Table III. It was somewhat less 
for Collodium Schering-Kahlbaum “pro analysi” and increasingly less for 
the next two preparations. Collodium Schering-Kahlbaum DAB 6 showed 
very poor strength. * 

The viscosity determinations were made with 5 per cent solutions of (previously dried) 
collodion in a mixture of equal parts of absolute ether and absolute alcohol. The time 
required for the meniscus to pass two marks on a 5 ml. pipette used as viscosimeter was 
measured. The experimental conditions were such as not to cause any comph'cations 
due to evaporation. The water value of our pipette viscosimeter was 3.7 seconds. The 
time values found with the different collodions are given in column 5 of Table III. 

Low tensile strength and low viscosity in solution are both strong in- 
dications of a lower molecular weight. The remarkably close parallelism 
between the several properties of these collodions cannot reasonably be 
considered to be fortuitous. However, it may be added that an exact 
quantitative correlation is impossible because we are dealing with too 
many variables. 

The experimental results reported so far are in good agreement with the 
views outlined above. The more active grades of collodion are the poorer 
ones technically speaking, containing many impurities of an acid charac- 
ter; their mean molecular weight, 'moreover, is obviously considerably less, 
as can be readily concluded from the tensile strength and viscosity data. 

Partial oxidation could readily accoimt for the presence of acid groups 
and likewise for a lower molecular weight, as such an oxidative breakdown of 
cellulose is a well established fact. 

This otherwise satisfactory explanation has not heretofore taken into 
account the possibility of the presence of add sulfuric add compounds in 
the collodion. Such compounds could cause all or part of the observed 
electrochemical activity, though their presence could not account for the 
lower molecular weight. The parallelism between activity and degrada- 
tion of the nitrocellulose molecules would then be entirely acddental. 

Our next step, therefore, was to determine whether or not the different 
brands of collodion contain sulfate, and if so, how much. 
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Collodion samples were ashed carefully as outlined above. The readues were ana- 
l}rzed and found to be substantially a mixture of aluminum, iron, and caldum sulfate, 
containing very little free base and no detectable quantities of silicic add. The analyt- 
ical results, however, indicated that a loss of sulfate may occur because of a lack of fixed 
alkali. To obtain correct sulfate values, therefore, the experiments were repeated 
with a changed technique. The coUodion samples were thoroughly wetted with an 
alcoholic solution of sodium hydroxide and ashed after this treatment. The sulfate 
values found were accordingly higher than those obtained with the former technique. 
The results are listed in column 6 of Table III. These latter values represent in our 
opinion the true sulfate contents of the different collodions.*^ 

These data show that the sulfate content also runs strictly parallel to 
the electrochemical activity of the different preparations. In order to 
cause activity the sulfate present must necessarily be in the form of an acid 
compound. Sulfuric acid esters of cellulose have been described repeatedly 
and their appearance in improperly purified nitrocellulose seems to be 
assumed quite generally. 

However, it may be possible that the siilfate, as found by analysis, is 
present in a combined though inactive form, or merely as an admixture 
originating from the process of manufacture. How difficult it is to remove 
sulfuric add from nitrocellulose can be gathered from the following experi- 
ment. 

A sample of coUodion (Merck u.s.p.) with a sulfate content of 0.2 mg. per gm. of dry 
material was dissolved in acetone. A solution of sulfuric acid in acetone was added 
until the mixture was about O.t molar with respect to sulfuric acid. After 2 hours the 
solution was aUowed to drip slowly under stirring into a great excess of water. The 
fibrous product obtained was washed thoroughly and boiled for 35 hours with water. 
After washing and drying, an ether-alcohol solution was prepared and centrifuged to 
remove aU insoluble particles and the sulfate content of this purified material was 
determined as before. Its sulfate content of 0.5 mg. per gm. dry coUodion is more than 
twice that determined in the original material. 

Membranes cast in the usual manner from ether-alcoholic solutions of 
this treated collodion showed no significant change in activity as compared 
with the original material. The possibility, therefore, is not entirely ex- 
cluded that at least some of the sulfate content of collodion is present as 
inactive admixture, particiilarly in the more active, poorly purified products. 

We are still confronted wi^ the apparent correlation between sulfate 

** The conventional technical method of sulfate determination after Berl (c/. Berl- 
Lunge, rhAinittrli -tectuiische Untersuchungsmethoden, BerUn, JuUus Springer, 1934, 
6, 735) does not seem readily applicable to the very snudl amounts of sulfate with which 
we had to deal. 
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content and activity in the conunerdal preparations; sulfate groups may be 
responsible for at least some of the activity of coUodion, though the relative 
importance of this factor is still an open question. 

There are two apparent ways to estimate the relative importance of sul- 
furic acid compounds for the activity of collodion. The most straightfor- 
ward and theoretically simplest approach would be to compare the sulfate 
content with the total number of acid groups present in the collodion. 
Seemingly simple, it is beset with experimental difficulties. We, therefore, 
must postpone its discussion to a later paper, in the frame of which it wiU 
find a more proper place. 

The other method would be to investigate the possibility of freeing active 
coUodion of its sulfate content without total loss of activity. 

Om plan, therefore, was to reduce in some way the sulfate content of 
active collodions down to the level of the more inactive brands and to see 
whether or not their activity is lost with the sulfate removal. 

According to the literature, the desired purification could be tried in 
several ways.“ One could boil a sample for a long time in very dilute acid 
and water, as is done in the conventional commercial process. This pro- 
cedure is supposed to hydrolyze sulfuric acid compounds. Furthermore, 
one could accelerate the hydrolysis of the assumed sulfuric acid esters by 
boiling with half concentrated acetic acid. 

In judging the experiments described below, one has to consider that on 
boiling, not only sulfuric acid compounds may be hydrolyzed and thus 
rendered inactive, but also that any ionizable compound may be slowly 
dissolved. Once dissolved, such compounds would be largely lost in the 
boiling liquid. This is likewise true for oxidation products and acid esters 
which probably are not too different in their general properties. 

We were able to obtain an adequate supply of only two of the more active 
brands of collodion, namely, “Celloidin, Schering-Kahlbaum, for general 
use,” a very active preparation, and “CoUodium, Schering-Kahlbaum, zur 
Herstellung von Membranen,” a moderately active preparation. 

To make them suitable for the intended purification, their rather dilute ether-alcoholic 
solutions were poured slowly into a great excess of water under continuous, vigorous 
stirring. The products so obtained are composed of fine fibres. 

^ Boiling in water turned out to be a somewhat less suitable method for our purpose. 
Therefore, since we had to economize on our material, this method was applied only to 
one brand of collodion, “Celloidin, Schering-Kahlbaum, for general use.” 30 gm. 
Celloidin were treated in about 1.5 1. of liquid. The sample was heated every morning 

** See e.g., Hess, K., Die Chemie der Zellulose und ihrer Begleiter, Leipzig, Akadem- 
ische Verlagsgesellschaft, 1928, 367, 381, etc. 
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and allowed to boil for about 6-7 hours; on the next morning the liquid was renewed. 
The boiling liquid used for several days was very dilute hydrochloric add, later on, 
distilled water. The water was replaced less frequently. After a boiling time of about 
70 hours, the sulfate content was reduced to the desired level. The material was then 
thoroughly dried. The sulfate determination was carried out as described previously. 
An ash determination was also made. 

The second method of purification was applied to both of our available active prep- 
arations. 12 gm. samples were boiled in about 700 ml. of 60 per cent acetic acid. After 
an appropriate time, the boiling was stopped and the material thoroughly freed of 
acetic acid by repeated boiling and thorough washing with water. It was finally dried. 
The boiling time necessary to reduce the sulfate content to the desired level was 10 
hours for Collodion Schering-Kahlbaum “zur Hcrstellung von Membranen” and 16 
hours for “Celloidin Schering-Kahlbaum for general use.** The dry materials were 
analyzed for ash and sulfate content as in the preceding case. 

In Table IV^; the analytical data pertaining to our purified collodions are 
given. They are preceded by the corresponding data of active commercial 
collodions — Table IVa — ^and pure, inactive commercial collodions — ^Table 
IV6. 

To compare the ‘‘activity” of the different preparations we used data 
concerning anomalous osmosis and concentration potentials obtained with 
the same membranes. Anomalous osmosis, as said above, is a very sensitive 
indicator as to the activity of such membranes. 

Membranes of the original and purified collodions (dissolved in 75 per cent ether- 
25 per cent alcohol) were cast; the first three of each brand giving proper rises with 
sugar solution after 20 minutes (column 4 of Table IV) were used. They were all of 
about the same porosity. The anomalous osmosis experiments were carried out as 
indicated before. The corresponding manometric rises are listed in column 5 of Table 
IV. Column 6 gives the concentration potentials between 0.01 N and 0.02 N KCl solu- 
tions for the same membranes. 

On examination of the facts summarized in Table IV, one sees that there 
is no necessary correlation between sulfate content and activity. Though 
the originally active brands of collodion lose some of their activity in the 
process of purification, they still are much more active than the better 
commercial preparations of the same sulfate content. We would prefer 
to attribute the decrease in activity on purification largely to a loss of active, 
but sulfate-free, substance. As said above, such compounds are, in our 
opinion, partially oxidized nitrocellulose molecules carrying carboxyl 
groups and having probably on the average a lower molecular weight and a 
much greater solubility than the more perfect, less oxidized nitrocellulose 
moleciffes. This view is substantiated by the fact that the filte]:ed boiling 
liquids leave on evaporation a considerable residue of organic substance. 
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TABLE IV 

Sidfaie CotUerU and Activity of Some Commercial and Purified Collodion Preparations 


1 

2 

3 

4 

5 

6 

Brand of collodion 

Mg. ash 
per gm. 

colbSion 

Mg.SOt 

pergm. 

dry 

collodion 

Osmotic 
rise with 

M 

sugar j 

Anomalous 
osmotic 
rise with 

Concen- 
tration 
potential 
KG 0.01 V/ 
KC10.02N 


Table IV a 


Collodion Schering-Kahlbaum ^*zur Her- 
stellung von Membranen” (commercial 
preparation) 

1.3 

0.9 

MM. 

106 

118 

130 

MM. 

85 

98 

104 

Mf* 

1.4 

1.4 

1.2 




n 

190 

2.2 

**Celloidin” Schering-Kahlbaum **for gen- 

3.6 


BH 

228 

3.6 

eral use” (commercial preparation) 


■H 

m 

244 

2.0 


Table IV b 


Collodion Merck u.s.p. (commercial 
preparation) 

0.23 

0.2 

MM. 

116 

125 

138 

MM. 

48 

46 

57 

Mf. 

0.5 

0.8 

0.9 


■i 


128 

32 

1.0 

Collodion Baker u.s.p. (commercial 


0.2 

130 

47 

1.1 

preparation) 

wm 


136 

50 

0.5 


TahtelVc 


Collodion Schering-Kahlbaum ^*zur Her- 
stellung von Membranen” (purified 
with acetic add) 

0.2 

0.2 

1 


MM. 

84 

98 

96 

Mf. 

2.0 

1.1 

1.4 





72 

1.3 

”Celloidin” Schering-Kahlbaum ”for 




93 

2.1 

general use” (purified by boiling in 




108 

1.7 

water) 



m 






118 

102 

2.6 

“Cdloidin” Schering-Kahlbaum ”for 

0.2 


130 

126 

2.3 

» general use” (purified with acetic add) 



138 

120 

2.3 


We are, therefore, very much inclmed to think that the electroch^nical 
activity of the more active collodion preparations is mainly due to sulfate- 
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free addic compounds, sulfate-containing substances playing only a minor 
rdle. 


GENERAL DISCUSSION 

The evidence presented in the preceding pages integrates itself into a 
relatively simple picture. 

The electrochemical “activity” of collodion is due to impurities of an 
addic nature originating from the raw material and the manufacturing 
process. The purest brands of commercial collodion show very low activity. 
Therefore, the assumption that nitrocellulose as such is electrochemically 
very inactive** seems justified. 

The electrochemically active impurities are substantially not sulfuric 
add compounds, as borne out by the fact that active commercial collodions 
can be largely freed from their sulfate content without parallel loss of 
activity. 

This leads us to the conclusion that carboxyl groups must be responsible 
for the observed activity. Carboxyl groups are undoubtedly contained 
in all cellulose raw materials.*^ Their number must be greatiiy increased 
by bleaching, particularly the excessive bleaching necessary with inferior 
raw material. Excessive bleaching yields products of lowered molecular 
weight; i.e., low viscosity in solution and low tensile strength of films. 

To obtain a true picture it is impossible to think of nitrocellulose in terms 
of ideal uniform molecules. Nitrocellulose is in reality composed of mole- 

** This undoubtedly applies to other cellulose derivatives, esters as well as ethers 
and also to straight cellulose and hydrocellulose. 

The use of such membranes seems to offer some hope for successfully attacking the 
old experimental problem of measuring directly the osmotic pressure of electrolyte solu- 
tions. Investigators in this field have employed membranes which, if would seem, are 
particularly apt to give anomalous osmosis. We know; e.g., that Cu-ferrocyanide is a 
very active membrane (Bernstein, Elektrophysiologie, Braunschweig, Friedrich Vieweg 
and Sohn, 1912, 164). The same is true for silicate membranes and probably many 
other membranes of salt character (Grollman, A., and Frazer, J. C. W., /. Am. Chem. 
Soc., 1923, 43, 1710; Grollman, A., Dissertation, Johns Hopkins University, 1923; 
Sollner, K., and Grollman, A., Z. Elektrochem., 1932, 38, 274; Tr. Eiectrochem. Soc., 
1932, 61, 477, 487). The problem seems to be to find a membrane with so low a charge 
density that the electrical forces become negligible. It may be recalled here that Loeb 
was able to reduce practically to zero the activity of his proteinized collodion membranes 
simply by working at the isoelectric point of the particular protein used (Loeb, J., 
J. Gen. Physiol., 1920, 4, 463). 

*’ See e.g. Hess, K., Die Chemie der Zellulose und ihrer Begleiter, Leipzig, Akadem* 
ische Verlagsgesellschaft, 1928, particularly pp. 54 Jf. 
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cules of very different length and these molecules are by no means all 
perfect. Many of them carry — and this is the point important for us — 
carboxyl groups, some sulfate groups, and possibly some others. Thorough 
purification gradually removes these ionizable impurities. 

The best grades of collodion, therefore, are composed of long fairly ideal 
nitrocellulose molecules, probably carrying only here and there a group 
(e.g., carboxyl) not compatible with the ideal structure. Correspondingly, 
they are fairly inert. 

Collodion purified to a lesser extent in any case contains many impurities, 
largely of lower molecular weight. 

Collodion prepared from inferior raw material is composed of molecules 
of lower mean molecular weight.^* If not extremely well purified, such a 
material would be expected to contain many molecules carrying oxidized 
groups which originate from excessive bleaching. 

This picture fits the three inferior grades of Schering-Kahlbaum** col- 
lodion perfectly. The high sulfate content is obviously the result of a 
more superficial purification. 

The correctness of our explanation of the electrochemical activity of 
collodion is further substantiated by the fact that collodion, as noted in a 
preceding paper,’ can be activated by oxidation. 

The results here obtained are somewhat unexpected and indeed ironical. 
The brands of collodion preferred by nearly all workers in the field of elec- 
trochemical membrane investigations are, technically speaking, the poorest 
ones. 

If one tries to visualize the molecular mechanism of electrochemical 
membrane activity, one likewise arrives at a relatively dear picture. 
Without entering at this point into any discussion on the relative merits of 
different permeability theories pore versus homogeneous phase hy- 
pothesis) as applied to the collodion membrane, we diall employ the pore 
conception for the following discussion. It allows us to discuss without 
much distinction the hi^ly dried (controversial) and the incompletely 
dried, undoubtedly porous collodion membranes. 

As pointed out by several investigators, recently in a more quantitative 
form,’’’” the electrochemical behavior of such a membrane depends upon 
the relative number and mobilities of all the ions present in the pores. 

” We are quite aware of the fact that low molecular weight does not necessarily have 
its origin in either poor raw material or oxidation. Such material is actually manu- 
factured widely for special technical purposes from high grade raw material, special 
processes being used to reduce the molecular weight. 

** Unfortunately, several letters sent to the Sdiering-Kahlbaum Company requesting 
inform^ tion on this problem remained unanswered. 

*0 TeoreU, t., Proc. Soc. Exp. Biol, and Med., 1935, 83, 282. 
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Some of the ions of one sign are fixed to the wall, their ‘‘gegen-ions” being 
freely movable in the aqueous phase. In very wide pores, or in pores of any 
size, if only a negligible number of ions is fixed to the pore walls, the specific 
membrane influence is negligible; high electrolyte concentrations in the 
aqueous phase likewise reduce the relative importance of the wall influence. 
In narrower pores and in more dilute electrolyte solutions, if by some means 
the relative number of ions fixed immovably to the pore walls is increased, 
the specific membrane influence increases. For our specific problem we are 
concerned only with the latter factor and the question is: what determines 
the number of ionizable points fixed immovably at a collodion/aqueous 
solution interface? 

This situation with respect to the membrane (c) potential applies mutaiis 
mutandis quite as well to the electrokinetic (f) potential. 

The older assumption of preferential ion adsorption has recently been 
questioned because of the extremely low adsorbability of strong inorganic 
electrolytes. 

Our results also indicate that ion adsorption has only a very secondary, 
if any, influence on the electrochemical activity of collodion membranes in 
such solutions. 

Lately, several investigators have assumed that the ionizable groups on 
collodion in strong electrolyte solution belong to the collodion itself. This 
view seems to be proven by our experiments. It seems much more familiar 
when one recalls the structure and behavior of proteinized membranes. In 
this case, everybody agrees that all the electrochemical properties of the 
membrane are due to the ionizable groups of the protein. 

The great differences between different collodion preparations are now 
easily understood. The purest ones carry only a small number of dis- 
sociable groups and are, therefore, inactive. The less carefully prepared 
material contains many acidic groups and is electrochemically active. The 
number of ionizable groups per unit of area is an inherent property of the 
membrane material used. In any given solution, their dissociation, ix. 
their actual effectiveness, depends on the nature and concentration of all 
the ions present, particularly the possible gegen-ions. 

In our opinion the behavior of weakly adsorbable polyvalent ions, e.g. 
sulfate, has to be explained on the basis of a combination of mechanical and 
electrical sieving effects. 

This conception, of course, does not apply without restriction to all 
situations. For example, if any of the ions present in solution is very 
strongly adsorbable, it must strongly influence the ionic build-up of the 
interfacial layer. In this case we can undoubtedly approach the situation 
formerly assumed also for strong electrolytes. 
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It is conceivable that with a membrane material which is completely 
or nearly completely void of any dissociable groups, even in solutions of 
strong electrolytes, preferential ion adsorption comes into play to a de- 
cisive extent. However, no case of this nature has so far been described 
for collodion membranes. 

Previous mention was made of some of the factors which may possibly 
have a great influence on membranes cast from different collodions. They 
are degree of nitration, impurities, mean molecular weight, and particle 
size distribution. To this we may add the solvent used. The degree of 
nitration obviously (as pointed out by earlier investigators) is not a de- 
cisive factor, as attested by the fact that nitrocellulose of widely varying 
nitrogen content yields membranes having quite similar electrochemical 
properties. The paramount importance of impurities for the electro- 
chemical behavior of collodion membranes is discussed in the preceding 
pages. Concerning the mean molecular weight and particle size distribu- 
tion and the influence of the solvent, we are inclined to believe that these 
factors are quite intimately connected in a consideration of the spatial 
structure of membranes. Together, they probably determine the geomet- 
rical arrangement of the molecules in the films. We do not intend to dis- 
cuss at this time this extremely complex problem since om present results 
have very little bearing upon it. 

In subsequent papers we propose to discuss the preparation of artificially 
activated membranes and to investigate quantitatively the acidic proper- 
ties of collodion, hoping that it may be [>ossible to correlate such data with 
some of the newer theoretical considerations of electrochemical membrane 
behavior. 

sxnocARY 

1. The electrochemical behavior of membranes prepared from com- 
mercial collodion preparations varies widely, some preparations showing 
very high, other ones very low electrochemical efficiency (“activity”)* 

2. The electrochemical activity of a collodion membrane depends en- 
tirely upon impurities of an acidic nature contained in the collodion used for 
casting the membrane. 

■ 3. The active acidic impurities are substantially due to partial oxidation 
>diich occurs in the manufacturing process. Sulfuric acid compounds; 
e.g., add sulfuric add esters play only a minor rdle, if any. 

4. The electrochemical behavior of collodion membranes in solutions 
of strong electrolytes is dedsively dependent upon the addic groups built 
permanently into the collodion surfaces. Preferential ion adsorption plays 
only a minor, if any, rdle. 
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1. INTRODUCTION 

Briicke (1852), in his study of the color changes of the African chameleon, 
was the first to record the fact that the cutting of chromatic nerve fibers was 
followed by a darkening of the area of skin thus denervated. He ascribed 
this condition to paralysis. Pouchet (1876) also recorded such a darkening 
in fishes, particularly in turbots, and accepted Briicke’s interpretation of it. 
Von Frisch (1911) added to the list of fishes that showed these peculiarities 
and noted incidentally that 8 days after the initiating operation the dark 
area thus formed on the fish began to show signs of blanching and that in 13 
days it was strikingly pale. The blanching of such dark areas was confirmed 
on the minnow Phoxinus by Smith (1931) who pointed out that the ultimate 
loss of color in these areas was possible only when the fish was maintained 
in a relatively pale state. Meanwhile Wyman (1924) had used denervated 
bands on tails, now generally known as caudal bands, for an extended study 
of chromatic physiology in fishes, and the technique of the caudal band 
came into common use among numerous workers (Abolin, 1925; Smith, 
1928; Fries, 1931; Mills, 1932; Matthews, 1933; Parker and Porter, 1933; 
Abramowitz, 1935; Rleinholz, 1935; Foster, 1937; Dalton and Goodrich, 
1937; ELamada, 1937; Odiome, 1937; Wykes, 1938; Osborn, 1938; 
Matsushita, 1938; Tomita, 1938; Vilter, 1938; and others). 

A little over half a decade ago it was pointed out that when in a fully 
blandied caudal band on such a fish as Fundulus a new cut was made 
strictly within the limits of the original band and slightly distal to the first 
cut, the dark tint of the original band would reappear though not so fully 
as at first (Parker, 1934 a). This condition was of prime importance m 
two respects. It showed, first, that the chromatic nervous mechanism of 
the band was not paralyzed, as had been assumed since the days of Brttcke, 
but that it was merely quiescent and could eadly be reactivated. And it 
showed further that the Harkening of the band was not the result of checking 
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certain assumed central influences whereby the melanophores had been 
held contracted (Zoond and Eyre, 1934; Zoond and Bokenham, 1935; Sand, 
1935; Wykes, 1938), but that this darkening resulted from an unusual 
stimulation of the dispersing nerve fibers at the site of the wound. This 
new mterpretation has been called the superactivity hypothesis as con- 
trasted with the older one which was designated as the paralysis hypothesis 
(Parker, 1936). Since a caudal band in Fundulus may remain visible lor 
hours or even a day or more after its first formation it was suggested that 
the dispersing nerve fibers in such a band are active over a correspondingly 
long period, a view that has met with very little approval from other 
workers. The possibility of long continued activity in such nerve fibers 
will be considered in the following pages and this question will be discussed 
not only from the standpoint of caudal bands, but from that of the larger 
areas of skin darkened by denervation. 

The technique employed in these studies calls for no special description. 
Where operations of considerable extent were performed on the fishes the 
creatures were anesthetized by cold in water and cracked ice (Parker, 
1939), a method which proved to be in every way satisfactory. 

2. Revival of Bands and Other Areas 

Faded caudal bands in Pundulm are readily revived by recutting. In 
Fig. 1 is shown the tail of a moderately pale Fundvlus on which 3 days 
previously a caudal band had been formed by cutting a ray near the root 
of the tail (lower band in the figure). After this band had fully blanched 
it was recut distal to the position of the initial cut with the result that the 
band was revived though with<less intensity of shade than that of the 
original band. At the same time that the second cut was made a ray 
slightly above the middle of the tail was also cut and a strong caudal band 
was thus produced as shown in Fig. 1. This new band agreed in intensity 
with that of the first band when it was originally cut and could be used as a 
check on this band. The condition of the melanophores as seen in the 
two bands and the normal tail in Fig. 1 are shown in Figs. 2, 3, and 4. In 
the normal tail (Fig. 2) the melanophore pigment is nearly though not 
completely concentrated, a condition characteristic of a fairly pale fish. 

Ih the newly formed band (Fig. 3) the melanophore pigment is almost 
fully dispersed and in the recut band (Fig. 4) this dispersion is pronounced 
though not so extensive as in the newly formed band. Thus the gross 
appearance of the bands in the tail as well as the condition of the pigment 
in the three states of the melanophores agree in showing that a caudal band 
in Fundtdus may be revived by recutting though* the band thus reactivated 
is never so.intense in its revived state as in its initial one. 
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The revival of a band in Fundulus is not only thus possible but this pro- 
cess may be repeated in this fish at least twice. One example will suffice. 
In a pale Fundidus in which a caudal band had blanched in about 11 hours 
the band was revived by recutting and was again blanched in about a day 
after which on a renewed cutting a third darkening took place. This third 
response was by no means so pronounced as the second, but it was visible 
beyond a doubt. A fourth attempt failed to elicit an unquestionable 
redarkening. This failure was probably due to the beginning of degenera- 
tion in the chromatic nerve fibers which makes itself manifest usually in 
about 5 days after the initial cut (Parker and Porter, 1933). A simple 
reactivation of bands such as occurs in the melanophore system of Fundtdus 
has also been observed in the erythrophore system of the dorsal fins in the 
squirrel-fish Holocentrus (Parker, 1937). 

The revival of blanched caudal bands in the catfish Ameiurus as described 
by me some years ago (Parker, 1934 b) has been questioned by Wykes 
(1938) and by Osborn (1938). Osborn in particular stated that although 
he recut faded bands in this fish repeatedly he never was able to produce 
a second darkening. I reinvestigated this matter (Parker, 1940) and formd 
that faded bands in both normal and hypophysectomized catfishes could 
be readily revived by recutting provided the fishes tested were kept in 
water at ordinary summer temperatures, about 20°C. I attributed 
Osborn’s failure in this respect to the low temperature at which he had 
worked, 12°C. In a recent retesting of catfishes in water at this degree of 
cold I too was imable to obtain reactivation of bands. This is in line with 
Wykes’ statement (1938) that at the winter temperature of 6®C. the color 
activities of Ameiurus are in almost full abeyance.^ The revival of blanched 
caudal bands, though not without exception, has been reported for the 
Japanese catfish ParasUurus by Matsushita (1938). Catfishes are less 
satisfactory for testing color revival than Fundtdus probably because of the 
slowness with which their bands blanch. This step in Ameiurus often takes 
some days and before the bands are pale enough to be recut their nerves 
have probably begim to degenerate and are thereby rendered incapable of 
response. This I suspect may be the reason Vilter (1938, 1939 d, 1939 b) 
was unable to reactivate the bands in the dorsal fins of Gobius, though here 
too temperature may play a part. Unfortimately this worker makes no 
statements as to the de tails of his procedure. Certainly the overlapping 

‘ The effect of in temperature on the chromatophore changes in Macropodut 

has recently been recorded by Dalton and Goodrich (1937) who observed that the blanch- 
ing of dark caudal bands in this fish required more time (10-18 hours) at 2Q^C. than at 
29“C. (5-8 hours). 
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of the areas of distribution of the chromatic nerve bundles which he has 
observed in the dorsal fins of Gobius can offer no explanation for the revival 
of caudal bands in Ameiurus, for no such overlapping occurs in the tail of 
this fish (Parker, 1934 b) . This in fact is one of the advantages of Ameiurus 
for this type of work. 

Although caudal bands and other like areas appear to be open to reactiva- 
tion wherever they are properly tested, it is quite unknown, so far as I am 
aware, what occurs in the larger areas of skin darkened by denervation. 
Such areas as these, however, often covering a considerable part of a fish, 
were what called the attention of the earlier investigators to this subject. 
By cutting an appropriate bimdle of nerves much of tiie head of a Phoxinus 
can be darkened (Smith, 1931), or a quadrant of the body of a Pundulus 
(Parker, 1936), or even the posterior half of a Macropodus (Kamada, 1937). 
Will these large areas blanch and are they open to the kind of revival that 
has been shown to occur in caudal bands? 

For convenience in this kind of experimentation the head regions of such 
fishes as Fundulus and Ameiurus are very satisfactory and the cranial 
nerve best adapted for cutting in this part of the fish is the ophthalmic. 
When in a pale Fundulus the orbit is opened dorsally and the ophthalmic 
nerve which lies on the roof of this cavity is severed, the corresponding half 
of the head from the snout to the eye and from the lateral wall to the mid- 
dorsal line darkens within about a minute. This darkening increases for 
half an hour after which it gradually blanches until in a day or so it has 
largely disappeared. It vanishes not by fading throughout its whole 
expanse, but by shrinking on its edges till the last part that is visible is a 
small dark patch dorsal to the eye. When this experiment is carried out on 
fully dark killifishes, no change in the tint of their heads is to be noticed, 
for the heads of sudi fishes like the rest of their bodies are from the beginning 
very dark. If in a pale Fundulus the ophthalmic nerves of both sides of the 
head are cut simultaneously, the head as a whole darkens after which it 
slowly and completely blanches. These observations on Fundulus sub- 
stantiate fully those of Smith (1931) on Phoxinus. 

Similar tests on Ameiurus can be carried out with greater convenience 
because of the large size of its head. The responses of Ameiurus, however, 
are relatively slow. If the ophthalmic nerve in a pale Ameiurus is cut by 
penetrating at an appropriate position the dorsal bony wall of the orbit 
with a narrow knife-blade, the half of the head concerned will begin to 
darken in about 10 minutes and will be fully dark in from 4 to 5 hours 
(Text-fig. 1). After this the dark area will commence to lose its deep tint 
and in 30 to 50 hours will have become about aepale as the rest of the fiidi. 
The blanching of this large cephalic area in Ameiurus shows details which 
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are not visible in Fundulus. The large cephalic area in Ameiurus shrinks 
toward the eye as it does in Fundulus^ but with greater irregularity of 
outline. Before, however, the area in Anmurus has diminished greatly 
one or two pale spots appear within its contour (Text-fig. 2). These 
eventually coalesce and sooner or later unite with the shrinking irregular 
outline and thus contribute to the gradual disintegration of the area as a 
whole. In this respect the disappearance of the area in Ameiutus is unlike 
that in Fundulus and very unlike the disappearance of caudal bands in 
either fish where the operation is strictly a shrinkage from the periphery. 



Text-Figs. 1, 2, and 3. Diagrams of the dorsal aspect of the head of a pale catfish, 
Ameiurus nebulosus, showing darkened areas resulting from the cutting of the ophthalmic 
nerve. 

Text-Fig. 1. A catfish head showing the extent of the darkened area (stippled) that 
resulted from the severance of the ophthalmic nerve through the initiating aperture I. 

Text-Fig. 2. The same catfish head as shown in Text-fig. 1 a day or two after the 
initiating cut had been made and showing the shrinkage of the original dark area by 
lateral invasion and by internal disintegration. 

Text-Fig. 3. A catfish head like that shown in Text-fig. 1 whose dark area having 
been completely blanched was partly revived by a second and more distal cutting (R) 
of the ophthalmic nerve. 

In Ameiurus as in Fundulus the simultaneous cutting of both ophthalmic 
nerves is followed by a darkening of the whole dorsal aspect of the head. 
Such very large areas in Ameiurus disappear also by irregular internal 
disintegration as has been described for the darkened half-cephalic area in 
this fish. From these observations on the killifish and the catfish I con- 
clude that large areas darkened by nerve cutting in pale fishes can blanch 
as fully as caudal bands can. 

Are these large areas open to revival of coloration as are caudal bands? 
To test this catfishes about IS cm. long were much more favorable than 
killifishes which at a ma Yimum were about half that length. By a trans- 
verse, vertical cut in the head of a pale catfish close to the regic^i of the 
internal ear and on the exterior of the cranium, it was possible to sever the 
strand of autonomic nerve fibers supplied from the posterior part of the 
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system to the anterior cranial nerves. As a result of such a cut the head 
soon darkened by melanophore expansion and then in a few days blanched. 
If, when this stage had been reached, a second cut was made anterior to the 
first one and so that the ophthalmic nerve in the posterior part of the orbit 
was severed, the chromatic fibers for the top of the head could thus be cut 
for a second time. As a result of this the half of the head in front of the 
new cut began to darken in about 30 minutes after which the darkening 
continued for an hour or more till this somewhat smaller area was again 
decidedly dark (Text-fig. 3). This test was carried out on five catfishes 
all of which gave essentially the same result. In some the blanching of the 
first area came more quickly than in others and in some the second darken- 
ing was more pronounced than in others, but in all the initial dark area 
blanched in course of time and a final second darkening was always induced. 
I therefore conclude that large areas darkened by the severance of chro- 
matic nerves such as the cephalic areas of the catfish not only blanch but 
may be revived by the recutting of their nerves as is true of caudal bands. 

Other parts of catfishes on which somewhat similar tests can be made are 
the pelvic fins. The advantage of these fins for such work was first pointed 
out by Wykes (1938). These fins, which are situated on the ventral aspect 
of the fish immediately anterior to the cloaca, consist of a very transparent 
membrane supported by some eight fin rays (Fig. 5). They are provided 
with a sparse, rather uniformly scattered supply of well defined melano- 
phores (Fig. 6) and are convenient for study in that the fin of one side of the 
fish may serve as a convenient control for that on the other side. When a 
ray in the pelvic fin of a pale fish is cut, a dark band forms (Fig. 7) as in the 
case of the tail. The pigment in the melanophores of such a band is fully 
dispersed (Fig. 9) as contrasted with that of the color cells in the rest of the 
fin (Fig. 8). 

Each pelvic fin is innervated by some six spinal nerves which can be 
easily traced from near the vertebral column over the inner face of the body 
wall and into the fin. By a single longitudinal cut through the body wall 
to the body cavity slightly dorsal to the root of the fin all these nerves can 
be severed. Such a cut, about a centimeter long, can be easily closed by a 
few stitches. Fishes thus operated upon live well, remain active, and have 
been kept in aquaria for 10 days or more. 

When one pelvic fin of a catfish is thus denervated, it soon darkens and 
remains dark for some days. This circumstance led Wykes to remark that 
it is difficult to ascribe this persistent melanophore expansion to an injury 
disdiarge in the severed fibers since it lasts unchanged for so long a time. 
She was therefore led to assiune another explanation, namely, that the cut 
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acted not by excitation but by the elimination of some central activity such 
as inhibition. A simple experiment would have shown the error of this 
view. 

In my tests on Anteiurus a denervated pelvic fin was found to begin 
darkening in from 5 to 10 minutes. In 2 hours or so it was fully dark and in 
3 to 4 days it was blanched almost to the same degree of paleness as that of 
the fin of the opposite side. It was now comparatively easy tb cut in the 
blanched denervated fin a single ray with its nerve and to ascertain thereby 
whether reactivation was possible. In all five fishes thus tested dark bands 
developed about the newly severed rays in strong contrast with the paleness 
of the fin as a whole (Fig. 10). The pigment in the melanophores of these 
bands was obviously though not extremely dispersed (Fig. 12) as compared 
with that in the melanophores of the other parts of the fin (Fig. 11). 

Such darkened bands, which were observed in fishes kept at about 20“C. 
could have depended in no sense upon the elimination of central influences, 
for, if there were such, they had already been excluded by the first cut. 
The darkening as induced by the second cut must have originated in the 
cut itself. In this respect the pelvic fins of Ameiurus respond to chromatic 
tests in the same way as the caudal fins of this fish do. Thus all the evidence 
from nerve cutting including that from the pelvic fins, from the cephalic 
areas, and from the caudal bands, leads to one conclusion, namely, that 
when nerves with dispersmg chromatic fibers in them are cut these fibers 
are not at once paralyzed but are especially activated whereby the melano- 
phores associated with them are induced to disperse their pigment and thus 
to darken the denervated area. 

3. Is the Activity of Cut Dispersing Nerve Fibers Protracted? 

It was my original opinion (Parker, 1934 a) based upon a study of the 
dispersing chromatic nerves in the tail of Fundulus that after severance, 
these nerves were excited from the region of the cut distaUy for the ap- 
proximate period during which the dark caudal band was clearly visible. 
This interval varied from a dozen or more hours to several days. In the 
Japanese catfish, as pointed out by Matsushita (1938), a caudal band may 
be present for more than 2 weeks, a very long time over which to assume 
the continuous activity of a nerve. Matsushita was therefore disposed to 
regard my suggested explanation as premature, and it is true that since this 
question was &st discussed a number of new and significant observations 
have been made on the mechanism of color changes in fishes. 

It is now generally admitted that at least three elements are involved in 
the chromatic responses of catfishes. These are the pituitary gland, and 
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two sets of autonomic nerve fibers one dispersing and the other concentrat- 
ing. These three are very probably not the only elements concerned, but 
they are imquestionably the chief ones. From the pituitary gland is 
derived the blood-borne, dispersing neurohumor intermedin, from the 
concentrating nerves adrenalin, and from the dispersing nerves acetyl- 
choline (Chin, 1939; Chang, Hsieh, and Lu, 1939; Parker, 1940). Osborn 
(1938) has shown that intermedin can be identified in the blood of a catfish 
in physiologically ngnificant amounts some 70 hours after the loss of the 
pituitary gland. So far as color changes are concerned this substance 
disappears from the blood of hypophysectomized catfishes within 5 days 
after the operation. These observations show that intermedin is a reason- 
ably stable and persistent agent. Adrenalin is known to remain active in 
the blood of the catfish for some hours after injection. On the other hand 
acetylcholine unprotected by such substances as eserine is destroyed almost 
at once in the circulation of this fish. Both acetylcholine and adrenalin, 
however, if carried in olive oil, may be introduced subcutaneously into 
catfishes in the form of coarse emulsions and under such circumstances 
these agents will remain effective as color activators for several days. In 
oil acetylcholine and adrenalin are evidently protected from destruction, 
and their action is thus prolonged (Parker, 1940). Under natural condi- 
tions they probably enjoy a similar protection and extension of activity by 
residence in the lipoid materials of the skin. Is it possible that the experi- 
mental extension of the color phase after nerve cutting attributed originally 
by me to continued nerve action is due to this protection and persistence 
of the activating substances in fatty materials? An answer to this question 
might settle not only this particular problem but other related ones in the 
general field of color change. 

One means of attack on this question would be to ascertain by oscillograph 
methods whether chromatic nerve fibers after having been cut would con- 
tinue to show action potentials. In making tests of this kind I am under 
great obligations to Dr. C. L. Prosser, then at the Marine Biological 
Laboratory, Woods Hole, and to Dr. Hallowell Davis of the Harvard 
Medical School. Caudal rays from four different fishes were examined 
for action potentials. Each ray consisted of a flattened, imperfect, cartilag- 
inous tube through the cavity of which extended a bundle of nerve fibers 
containing chromatic elements. The nerves in some of these rays before 
tests were made had been activated about 18 hours earlier by cutting, others 
were freshly cut, and still others were uncut and used as controls. In a 
group of eight rays four showed some electric activity, physiological or 
physical, beyond what could be identified as amplifier noises. One of 
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these was a ray cut the previous night, two were freshly cut, and one was an 
uncut control. The other four rays three of which had been cut and were in 
excellent state for possible action potentials showed no trace of such activi- 
ties. The sensitivity of this apparatus was about 2 microvolts. Strong 
evidence that the nerve disturbances, where they occurred, were physical 
and not action potentials is their persistence for at least 3 minutes in a 
totally excised ray which had been liberally stroked with chloroform. Dr. 
Davis’s conclusion was that no activity that could be identified as physio- 
logical was to be observed in any of the rays either activated or quiescent. 
This inability to observe such activity may be attributed to the large 
amount of shunting tissue and the insulating sheath of the ray itself for 
the removal of which no satisfactory technique could be found. 

As contrasted with the caudal nerves in the catfish the ophthalmic nerve 
in this animal is readily accessible for oscillograph tests. When electrodes 
are applied to this nerve in the dorsal part of the orbit and the snout of the 
fish is gently stroked a burst of sensory impulses may be observed. Results 
of this kind were noted in six of nine preparations. Care was taken to 
distinguish between true responses and the artifacts due to bodily move- 
ments of the fishes, the movements of the nerve on the electrodes, and other 
like disturbances. These observations showed the ready excitability of 
the ophthalmic nerve. The cutting of this nerve near its central end was 
followed by an abundant volley of spikes. Attempts were then made in 
the region external to the ear capsule to cut the autonomic tracts to the 
exclusion of other nerve bundles and thus to excite only this particular 
component in the ophthalmic nerve. But no such favorable region could 
be found, for at all places on the side of the head of the fish these tracts 
were accompanied by nerve fibers, probably lateral-line components from 
the vagus complex, and it was impossible to cut one set of fibers without 
doing the Mme to the other. Moreover the greatest length of the ophthal- 
mic nerve available for oscillograph tests in the catfish, about 1 centimeter, 
was too short for satisfactory work. Hence I was forced to abandon this 
t}q)e of test on the ophthalmic nerves as well as on the caudal nerves and I 
turned to other methods of attack on this question. The most promising 
of these appeared to be some form of nerve interference whereby the 
chromatic impulses could be locally and temporarily blocked with the 
possibility of a subsequent return. 

To this end one naturally reverts to anesthetics and other like substances, 
and for fishes to such agents as magnesium sulfate. 

In preparing catfishes for tests with this salt they were enveloped in wet cheese-cloth, 
fastened sidewise on an inclined pine bench, and provided with a continuous current of 
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fresh water over their gills. Their caudal fins were then spread out and rendered im- 
mobile by being held in place on the top of the wooden bench by push-pins. Two short, 
parallel cuts were then made through the fin membrane and on opposite sides of a given 
fin ray. To these cuts a drop of saturated, aqueous solution of magnesium sulfate was 
next applied on the assumption that this material would enter the cuts and soon reach 
the nerves. A crystal of magnesium sulfate was also placed on the cuts to reinforce the 
solution. After 40 minutes, to take a particular example, the given ray which had 
shown no darkening at all, was cut transversely at a point proximal to that at which the 
salt had been applied. A neighboring ray the sixth from the anesthetized one was also 
severed at the same time as a control. About 20 minutes later the control ray showed a 
darkened band, but the anesthetized one was only slightly darkened between the cut and 
the point at which the magnesium sulfate had been applied. The fact that this ray was 
fully pale distal to the spot treated with magnesium sulfate showed that this salt had been 
an effective nerve block. When this fish about an hour later was freed and allowed to 
swim in a white-walled iUuminated tanJi, the distal part of the anesthetized ray became 
in the course of an hour or so moderately dark. 

Thus for a period of about an hour the magnesium sulfate blocked some 
influence which, after the presumable loss of the salt, exerted upon the 
melanophores the same dispersing effect that cutting the nerve of the 
control ray had done. Responses of this kind though of constant occurrence 
were sluggish and far from regular in their time relations. They neverthe- 
less were of such a nature as to make it difficult to understand them except 
on the basis of a protracted activity of dispersing nerve fibers. 

An interesting feature in the tests with magnesium sulfate that should 
not be lost sight of was the irresponsiveness of anesthetized nerves to 
cutting. When a nerve was anesthetized as described and after about half 
an hour was severed in the anesthetized region, no darkening appeared on 
any part of its length though a cut made distal to the region of anesthetiza- 
tion was soon followed by a darkening of the distal innervated area. This 
condition points to the inexcitability of the dispersing nerve fibers when 
under the influence of magnesium sulfate in addition to their inability to 
conduct impulses, a state that is after all not surprising. 

Although the responses of the dispersing nerve fibers when treated with 
magnesium sulfate are significant, the uncertainty in their timing led me to 
try other forms of block. Of these I found cold the most effective. 

For the application of a cold-block a simple piece of apparatus was devised (Text- 
fig. i). This consisted of a glass reservoir (Text-fig. 4, R) made from a bottomless, 
luge bottle held inverted and containing about 1§ liters of 50 per cent alcohol. Into 
this liquid was lowered a long beaker weighted with lead and containing a supply of dry 
ice (Text-fig. 4, D). By controlling the amount of ice the temperature of -the alcohol 
mixture could be held at any desired point from — 15*C. upwards. The aperture in the 
bottom of the reservoir, the neck of the bottle, was tightly closed with a rubber stepper 
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from which a glass tube led to a short rubber tube which carried the blunt cold-point 
Text-fig. 4, II). This was a piece of glass tubing the lower part of which was of capillary 



Text-Fig. 4. I. Diagrammatic side view of the apparatus by which a cold-point 
could be applied continuously to a given ray in the tail of a catfish. II. Enlarged view 
of the glass cold-point. sloping, wooden bench to which the fish F was attached; 
C, metal screw-clamp for the control of the flow of fluid through the rubber portion of 
the outlet-tube; D, long, narrow beaker suspended from a rod, weighted with lead, and 
filled with crushed dry-ice as a means of cooling the liquid in the reservoir R; £, exit for 
the outflow of cold fluid after it has passed from the reservoir through the glass cold-point ; 
F, living fish wrapped in cloth and bound to the sloping wooden bench by a cord looped 
through hooks in the top of the bench; I, inlet of the glass cold-point tube: O, overflow 
beaker to receive the fluid escaping from the cold-point exit; P, elbow in the glass cold- 
point tube serving as the actual cold-point to be applied to a given ray in the fish’s tail; 
R, glass reservoir filled with fluid, usually 50 per cent alcohol, chilled well below O^C. 
by dry-ice, D, and open to discharge through the cold-point tube; S, iron stand with up- 
right iron rod by which the reservoir, R, is held in place by iron rings; T, tail of the fish 
pinned out immovably on the wooden bench and touched by the cold-point; W, water 
tube canning a supply of fresh water to the mouth and gills of the fish for respiration. 

fineness and rather sharply bent upon itself at an acute angle. The remainder of the 
capillary glass tube was turned to one side and directed in such a way as to serve as a 
convenient outlet (E). The rubber tube connecting the glass tube from the reservoir 
with that carrying the blunt cold-point was provided with a metal screw-clamp (C) by 
which the flow of fluid in the apparatus could be controlled. When the cold alcohol 
mixture was flowing through the tube it ran from the capillary exit at a temperature of 
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2 or 3“ above that in the reservoir. The temperature at the cold-point must have been 
between these two extremes. With the temperature of the alcohol mixture in the reser- 
voir at about — 10®C. that at the capillary exit was some — 7®C. and a drop of water put 
on the cold-point, though exposed to the air, would soon freeze. 

Below the cold-point was a small, movable, inclined, pine bench (Text-fig. 4, B) pro- 
vided with hooks and a cord by which a live catfish CF) enveloped in cheese-cloth could 
be firmly bound on its side to the top of the bench. By means of glass pushpins the tail 
of the fish (T) was spread out immovably on the bench and, by shifting the bench slightly 
any desired part of the fish’s tail could be brought into contact with the cold-point. 
Thus the cold-point, whose diameter was a little over a millimeter, could be applied to 
any spot on the length of a caudal ray. Fresh water from a rubber tube (W) was led 
into the mouth of the fish for respiration and flowed out over the gills to escape down the 
inclined bench. Pale fishes thus attached to the bench could be tested over periods of a 
number of hours. For some reason not wholly clear they gradually darkened on the 
bench till their condition was such that they were not very favorable for the inspection 
of their caudal bands. However fishes that had been bound to the bench 7 to 8 hours 
were still serviceable and when liberated were fully active and showed no signs of having 
suffered from their confinement. 

When a pale catfish was put in the cold-point apparatus and the fluid 
was allowed to flow through the point in position on the fish’s tail at room 
temperature, 22*’C., no change was observed in the fish except the gradual 
darkening already noted. When after 15 minutes of flow the ray in contact 
with the point was cut near the base of the tail a complete, dark, caudal 
band was formed from the cut to the edge of the tail. The same was true 
when the temperature of the escaping fluid was about lO^C. When it was 
S^C. the caudal band resulting from the cut was almost invariably incom- 
plete in that it could be seen only from the cut to the cold-block and not 
beyond that point distally. At 0®C. the block was always perfect and no 
dark band was ever observed (flstal to the block so long as this outlet 
temperature was maintained. With the temperature of the fluid at the 
outlet at 0°C. that in the reservoir was usually 3 to 4“ below zero. When 
the outlet temperature was — 10®C. a small cake of ice formed between the 
cold-point and the fish’s tail. This ice spread over a larger area of the tail 
than the area of the cold-point and as a rule covered about three rays, (hi 
releasing a fish thus treated it was found that the spot on the tail immedi- 
ately below where the ice had been was very pale and that the three rays 
covered by the ice were dark from the region of the ice almost to the edge 
of thfe tail; in other words the very low temperature of the ice cake acted 
upon the nerves of the rays as cutting them would have done. It was 
evident from these preliminary tests that the satisfactory temperature for 
the cold-blodr was about 0*C., for lower temperature (— lO^C.), like nerve 
severance, induced the formation of dark bands and higher temperatures 
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(10°C.) were insufficient to restrain the nerve impulses. In operating with 
the cold-block I therefore subjected the given ray of the fish to a tempera- 
ture of about 0°C. for some 15 minutes and then proceeded to further 
eiperimentation. 1 have seen nothing in my tests that would lead to the 
suspicion that this treatment was not wholly satisfactory. 

The special experimentation carried out upon catfishes with the cold- 
block had to do with the interval of time between the cutting of the blocked 
ray and the extension of the caudal band beyond the block itself after it had 
been removed and the fish liberated. When a pale catfish was put in the 
cold-block apparatus and the block was applied at about 0°C. for a quarter 
of an hour, a severance of the chilled ray proximal to the block was followed 
by the formation of a dark caudal band from the cut to the block but not 
beyond it. This was so invariably the case that it may be looked upon 
without question. If 15 minutes later the block was then removed and the 
fish allowed to swim in a white-walled aquarium, the caudal band became 
extended in that it could be seen in about 10 minutes to cover the course 
of the ray from the cut to near the edge of the tail. It thus came to occupy 
that part of the ray which was distal to the block and which before the fish 
was freed was fully pale. It is difficult to understand this extension of the 
band except by assuming that that nervous activity which when the cut 
was made induced the formation of the proximal part of the band was also 
present to excite the production of its distal part. 

When tests similar to the one just described were carried out but with 
longer intervals of time between the cutting of the ray and the removal of 
the cold-block, the results were precisely like the 15 minute test. The 
extension of bands distal from the block occurred after intervals of 30 
minutes, 1, 2, 3, 5, and even 6^ hours. The longest of these periods was 
tried twice after which the released fishes showed no signs oi exhaustion 
and developed dark distal bands obviously visible even against the fish’s 
own darkening backgroimd. 

It has already been shown (Parker, 1940) that m the catfish, caudal bands 
may be formed, though not at full intensity, in hypophysectomized indi- 
viduals. It is therefore probable that the extension of these bands in pale 
fi^es of long standing is not necessarily dependent upon the pituitary 
neurohumor intermedin. To be reasonably secure of this, however, the 
block test was repeated on hypophysectomized catfishes. Five fishes were 
deprived of their pituitary glands and were allowed a little less than a week 
in which to recover. During this interval one died. Of the four remaining 
fi^es two were subjected to tests with the cold-block over periods ot about 
5 hours each. In iMth instan<%s on freeing the fish a fairly dark extenaon 



496 MEIANOPHOKE BANDS AND AREAS DUE TO NERVE CUTTING 


of the caudal band took place showing that this activity was dependent 
upon nerves. The results from the tests on these two fishes then agree with 
those on fishes whose pituitary glands were intact and justify the general 
conclusion that the activity of severed, dispersing nerve-fibers shows a real 
protraction. 

What the means of exciting such severed nerves are is not known. I have 
elsewhere suggested (Parker, 1934 a) that excitation may be due to a chemi- 
cal activation of the severed ends of the nerves by substances liberated from 
the adjacent tissues in the cut itself. Such an injury effect chemical in 
nature might well be compared with the kind of chemical stimulation of the 
cut ends of nerves as reported on recently by Fessard (1936), Brink and 
Bronk (1937), and others. 

The fact that not only caudal bands but relatively large integumentary 
areas in such fishes as Fundulus and Ameiurus may be darkened by nerve 
cutting, then blanched, and finally again darkened by the recutting of their 
nerves affords a potent argument against the views that such types of 
darkening are due to either paralysis (Briicke, 1852) or the exclusion of 
certain central nervous influences (Zoond and Eyre, 1934). Furthermore 
revived darkening demonstrates that vasomotor readjustments or other 
circulatory disturbances suggested as possible causes for integumentary 
color changes both pale and dark (Hogben, 1924; Limdstrom and Bard, 
1932; Young, 1933; Wykes, 1938; Waring, 1938) are not essential to these 
changes, for the influence on the circulation x>f cutting a nerve must be fully 
expended with the first cut and yet the characteristic color changes reappear 
with the second one. I am therefore of opinion that none of these factors 
are responsible for the occurrence of melanophore expansion when a given 
chromatic nerve is severed. 

As tests with the cold-block show the kind of activation here seen may 
persist for at least some hours. Such an extension of nerve activity is 
repugnant to most neurophysiologists. Accustomed as they are to the 
momentary activity of a cut nerve as seen in the smgle twitch of its musde 
or in the very brief volley of spikes exhibited in an oscillograph record of 
its responses they are averse to accepting the idea of an extended period 
of activity. It must be remembered, however, that Adrian (1930) has 
shon^ tliat the cut nerves in cats and rabbits exhibit fluctuations of electric 
potential that may last for an hour or more and that when these fluctuations 
subside, they may be revived by recutting the nerves. Barnes (1930) has 
also recorded that after the motor nerves of the walking legs in the crab, 
Cancer, are severed nervous discharges of long duration follow. Hoagland 
(1933) in his study of the lateral-line nerves of fishes has shown that when 
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these nerves are cut centrally and freed peripherally from their terminal 
organs, neuromasts, they will exhibit injury discharges which may keep up 
for from 10 to 15 minutes. More recently Prosser (1934) has demonstrated 
that the cut nerve to the chela of the crayfish will emit high frequency 
discharges that ordinarily may be observed for 5 minutes after the prepara- 
tion has been made.^ These instances support the idea that after certain 
nerves have been cut the activity thereby excited may continue for a rela- 
tively long period of time. In the case of the dispersing autonomic nerve 
fibers in Ameiurus this period may be as long as 6^ hours. 

4. DISCUSSION 

In an earlier part of this paper it was pointed out that large skin areas 
which had been darkened by the cutting of their nerves blanched as com- 
pletely as caudal bands did. In some of these, such as the cephalic areas 
in Fundulus^ the region became pale by lateral encroachment precisely as 
do the caudal bands in fishes generally. The dark cephalic areas in 
AmeiuriiSj however, blanched not only by lateral encroachment but also by 
internal disintegration. Such lateral encroachments have been ascribed 
to the passage of a blanching neurohumor from the adjacent pale field into 
the dark area by a cell-to-cell transmission (Parker, 1933) through the 
lipoid components of the cells (Parker, 1934 a, 1935). A neurohumor of 
this kind would be carried in oily material, a lipohumor, as contrasted with 
a water-soluble agent or hydrohumor. That this operation is due to an 
invasion of the dark area by a blanching humor and not to the loss of an 
opposing humor from the darkened region into the neighboring pale area 
was shown by Matsushita (1938) who demonstrated a blanching of a dark 
caudal band on its side next a pale innervated field and the absence of such 
blanching on its opposite side next a denervated pale field. This explana- 
tion of loss of tint by positive invasion applies well to blanching in dark 
caudal bands or in cephalic areas such as those of Fundidus where the 
whole area disappears by lateral encroachment, but it fails to make clear 
the way in which internal disintegration of dark areas takes place. Here a 
pale spot appears inside a dark region and enlarges quite independently of 
the periphery of that region. This must be due to some other operation 
than lateral invasion. 

* Waring (1938) states that O'Shaughnessy and Slome (1935) in their study of experi- 
mentally produced traumatic shock, have established the persistent effect of injury 
currents in nerves. However, the view expressed by these two authors, though in my 
opinion very probably correct, is advanced by them not as a demonstration, as is unplied 
by Waring, but as a working hypothesis. 
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What that operation may be is not easy to surmise. It is very probable 
from the work of the last year or two that in Ameiunu the nervous diq>era< 
ing neurohumor is acetylcholine and the concratrating one adrenalin. 
The hlant^hing activities that have been discussed in the preceding para* 
graph must then be due to adrenalin. This substance, as already stated, 
is moderately stable in the blood and lymph of the catfish where it may 
remain active for some hours after it has been injected. It partakes of the 
nature both of a hydrohumor and of a lipohumor, for it may be carried both 
in water and in oil. In my opinion the two steps in the blanching of such 
a dark region as a cephalic area in the catfish represent these two conditions 
of adrenalin. The lateral encroachment on such a dark region is due, I 
believe, to the action of adrenalin as carried in the lipoids of the adjacent 
tissues, and the internal disintegration results from the action of this 
substance as carried in blood and lymph directly under the melanophore 
layer. Thus lateral encroachment is an invasion by way of the skin and 
internal disintegration a subdermal invasion. This at least is an explana- 
tion of the total blanching of catfish cephalic areas to which I have not 
been able to find serious objection. Accordmg to this view the peripheral 
blanching of caudal bands and dark areas is due to adrenalin as a lipohumor 
and the internal blanching of dark areas to the same agent as a hydrohumor. 
This leads to a suggestive interpretation of the blanching of the pelvic fins 
in Ameiurus. In my study of this phenomenon I have never seen any 
evidence of a progressive peripheral loss of shade in these fins such as is 
characteristic of caudal bands and other dark areas. When the pelvic fin 
blanches it blanches in toto and with great uniformity. Such an operation 
is what would occur if the blanching resulted from the action of adrenalin 
as a hydrohumor; i.e., adrenalin dissolved in watery l3nnph. This I believe 
to be the case and in truth when a dark catfish is inject^ with the appro- 
priate amount of adrenalin its pelvic fins blanch in precisely this way. 
This general view of the double action of adrenalin depending upon the way 
in which it is carried is obviously hypothetical, but as an hypothesis it 
appears to meet all the requirements of the situation. 

From what has been presented in the preceding pages it is evident that 
the darkening of Amemrus is dependent upon two neurohumors, acetyl- 
choline and intermedin. Although these two substances in general act in 
thfe same way on catfish melanophores, they are not precisely aimilgi- from 
an operational standpoint. It is now well establi^ed contrary to my 
original opinion (Parker, 1934 h\ Osborn, 1938; Parker, 1940), that of these 
two materials intermedin is the more effective as a chromatic activator. 
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At full disperwn the pigment of & macromelsiiophote in AtHtiufits may 
cover an area whose diameter is about 145 microns. This dq;ree of dis- 
persion can be accomplidied often with intermedin alone, as for inatunrft on 
completely denervated melanophores in a caudal band, but in a hypo- 
physectomized fish where acetylcholine from nerves is the exclusive dispers- 
ing agent only from a quarter to a half of this amount of pigment dbpersion 
is possible. Hence acetylcholine is much less effective than intermedin as 
a means of darkening catfishes. 

Although acetylcholine is second to intermedin as a melanophore activa- 
tor in this fish it is probably a somewhat earlier agent in initiating darkening. 
A hypophysectomized palish catfish fully devoid of any functionally sig- 
nificant intermedin and in consequence dependent upon dispenung nerves 
and their acetylcholine for darkening will begin this process in half an hour 
after the fish has been put in a black-walled, illuminated aquarium. As 
contrasted with this a denervated, pale, caudal band in a pale catfish will 
start darkening only a number of hours or even a day or more after the fish 
has been placed in a similar aquarium. Thus the nervous agent, acetyl- 
choline, probably really initiates the darkening process in the catfish and is 
followed and supported only after a considerable interval by the pituitary 
secretion intermedin. Hence in a second respect the two darkening agents, 
intermedin and acetylcholine, are noticeably different. 

So far as the main question of this research is concerned — the protracted 
activity of cut chromatic nerves— only an incomplete answer can be given. 
The evidence herein presented strongly favors the view that dispersing 
autonomic nerves when cut pass into a state of activity that is greatly 
protracted in comparison with that of other cut nerves. This extension of 
activity may last for at least hours and during that time there is good 
evidence for a continued discharge of acetylcholine. That this activity 
may last for days or weeks cannot be asserted though there is nc 
evidence, so far as I am aware, to the contrary. During the life of a dark 
caudal band which in FundtUus may be a day or more, in Ameiurus about 
a week, and in ParasUurus some 2 weeks, the earliest part of this period 
in Ameiurus at least is marked by continued nerve activity wiffi the 
steady discharge of acetylcholine. This state may possibly continue with 
gradual abatement throughout the rest of the life of the band or it may 
be gradually replaced by a darkening operation dependent upon excess 
acetylcholine stored in the neighboring lipoids or it may involve both 
processes. Of course during the greater part of this whole period the caudal 
band is accentuated by the presence of the hydrohumor intermedin. 
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5. SUMMABY 

1. When appropriate chromatic nerves are cut caudal bands, cephalic 
areas, and the pelvic fins of the catfish Ameiurus darken. In pale fishes 
all these areas will sooner or later blanch. By recutting their nerves all 
such blanched areas will darken again. 

2. These observations show that the darkening of caudal bands, areas, 
and fins on cutting their nerves is not due to paralysis (Brlicke), to the 
obstruction of central influences such as inhibition (Zoond and Eyre), nor 
to vasomotor disturbances (Hogben), but to activities emanating from the 
cut itself. 

3. The chief agents concerned with the color changes in Ameiurus are 
three: intermedin from the pituitary gland, acetylcholine from the dispers- 
ing nerves (cholinergic fibers), and adrenalin from the concentrating nerves 
(adrenergic fibers). The first two darken the fish; the third blanches it. 
In darkening the dispersing nerves appear to initiate the process and to be 
followed and substantially supplemented by intermedin. 

4. Caudal bands blanch by lateral invasion, cephalic areas by lateral 
invasion and internal disintegration, and pelvic fins by a uniform process 
of general loss of tint equivalent to internal disintegration. 

5. Adrenalin may be carried in such an oil as olive oil and may therefore 
act as a lipohumor; it is soluble in water and hence may act as a hydro- 
humor. In lateral invasion (caudal bands, cephalic areas) it probably acts 
as a lipohumor and in internal disintegration (cephalic areas, pelvic fins) 
it probably plays the part of a hydrohumor. 

6. The duration of the activity of dispersing nerves after they had been 
cut was tested by means of the oscillograph, by anesthetizing blocks, and by 
cold-blocks. The nerves of Ameiurus proved to be unsatisfactory for 
oscillograph tests. An anesthetizing block, magnesium sulfate, is only 
partly satisfactory. A cold-block, 0°C., is successful to a limited degree. 

7. By means of a cold-block it can be shown that dispersing autonomic 
nerve fibers in Ameiurus can continue in activity for at least 6| hours. 
It is not known how much longer they may remain active. So far as the 
duration of their activity is concerned dispersing nerve fibers in this fish 
are unlike other types of nerve fibers usually studied. 

The work recorded in this paper was done in part at the Harvard Biological Labora- 
tories and in part at the Woods Hole Marine Biological Laboratory and I wish to express 
here my sincere thanks to the personnel of these two institutions for their kindly coopera- 
tion and ready help. 



G. H. PARKER 


SOI 


REFERENCES 

Abolin, L.| 1925, Beeinflussung des Fischfarbwechsels durch Chemikalien. I. Infundin- 
und Adrenalinwirkung auf die Mekno- und Xanthophoren der Elritze (Phoxinus 
laevis Ag.), Anz. Akad, Wissensch., Math.-naturwissensch. CL, Wien, 61, 170. 

Abramowitz, A. A., 1935, Regeneration of chromatophore nerves, Proc, Nat. Acad. Sc., 

21, 137. 

Adrian, E. D., 1930, The effects of injury on mammalian nerve fibres, Proc. Roy. Soc. 
London, Series B, 106, 596. 

Barnes, T. C., 1930, Peripheral tonus associated with impulse discharges in crustacean 
nerve, J. Physiol., 70, xxiv. 

Brink, F., Jr., and Bronk, D. W., 1937, Rhythmic activity of single nerve fibers induced 
by low calcium, Proc. Soc. Exp. Biol, a'nd Med., 37, 94. 

Briicke, E., 1852, Untcrsuchungen fiber den Farbcnwechsel des afrikanischen Chame- 
leons, Denkschr. Akad. Wissensch. Math.-naturwissensch. CL, Wien, 4, 179. 

Chang, H. C., Hsieh, W. M., and Lu, Y. M., 1939, Light-pituitary reflex and adrenergic- 
cholinergic sympathetic nerve in a teleost, Proc. Soc. Exp. Biol, and Med., 40, 455. 

Chin, Y., 1939, Does acetylcholine play a part in the mechanism of melanophore expan- 
sion? Proc. Soc. Exp. Biol, and Med., 40, 454. 

Dalton, H. C., and Goodrich, H. B., 1937, Chromatophore reactions in the normal and 
albino paradise fish, Biol. BidL, 73, 535. 

Fessard, A., 1936, Lkctivit6 rhythmique des nerfs isoles, Paris. 

Foster, K. W., 1937, The blue phase in the color changes of fish with special reference to 
the role of the guanin deposits in the skin of Fundulus heteroclitus, J. Exp. ZooL, 
77, 169. 

Fries, E. F. B., 1931, Color changes in Fundulus, with special consideration of the xan- 
^ophores, J. Exp. ZooL, 60, 384. 

von Frisch, K., 1911, Beitrage zur Physiologic der Pigmentzellen in der Fischhaut,i4rfA. 
ges. Physiol., 138, 319. 

Hoagland, H., 1933, Electrical responses from the lateral-line nerves of fishes. IV. The 
repetitive discharge, /. Gen. Physiol., 17, 195. 

Hogben, L., 1924, The pigmentary effector system, Edinburgh, Oliver and Boyd. 

Kamada, T., 1937, Parker’s effect in melanophore reactions of Macropedus opercularis, 
Proc. Imp. Acad. Tokyo, 13, 217. • 

Kleinholz, L. H., 1935, The melanophore-dispersing principle in the hypophysis of 
Fundulus heteroclitus, Biol. Bull., 69, 379. 

Lundstrom, H. M., and Bard, P., 1932, Hypophysial control of cutaneous pigmentation 
in an elasmobranch fish, Biol. Bull., 62, 1. 

Matsushita, K., 1938, Studies on the color changes of the catfish, Parasilurus asotus (L.), 
Sc. Rep. Imp. Univ. Sendai, 4 ser. Biol. 13, 171. 

Matthews, S. A., 1933, Color changes in Fundulus after hypophysectomy, Biol. Bull., 
64, 315. 

Mills, S. M., 1932, The double innervation of fish melanophores, J. Exp. ZooL, 64, 231. 

Odiome, J. M., 1937, Morphological color changes in fishes, /. Exp. ZooL, 76, 441. 

Osborn, C. M., 1938, The role of the melanophore-dispersing principle of the pituitary in 
the color changes of the catfish, J . Exp. ZooL, 79, 309. • 

O’Shaughnessy, L., and Slome, D., 1935, Etiology of traumatic shock, Bril. J. Surg., 

22, 589. 



502 MELANOPHORE BANDS AND AREAS DUE TO NERVE CUTTING 


Parker, G. H., 1933, The cellular transmission of neurohumoral substances in melano- 
phore reactions, Proc. Nat, Acad, Sc,, 19 , 175. 

Parker, G. H., 1934a, The prolonged activity of momentarily stimulated nerves, Proc, 
Nat, Acad, Sc,, 20 , 306. 

Parker, G. H., 19346, Color changes of the catfish AmiUurus in relation to neurohumors, 
/. Exp, Zool, 69 , 199. 

Parker, G. H., 1935, The chromatophoral neurohumors of the dogfish, J . Gen, Physiol,, 
18 , 837. 

Parker, G. H,, 1936, The reactions of chromatophores as evidence for neurohumors, in 
Cold Spring Harbor symposia on quantitative biology. Cold Spring Harbor, Long 
Island Biological Association, 4 , 358. 

Parker, G, H,, 1937, Color changes due to erytbropbores in the squirrel fish Holocentrus, 
Proc, Nat, Acad, Sc,, 23 , 206. 

Parker, G. H., 1939, General anesthesia by cooling, Proc, Soc, Exp, Biol, and Med,, 42 , 
186. 

Parker, G. H., 1940, On the neurohumors of the color changes in catfishes and on fats and 
oils as protective agents for such substances, Proc, Am, PhU, Soc,, 83 , 379. 

Parker, G. H., and Porter, H., 1933, Regeneration of chromatophore nerves, J, Exp, 
Zool,, 66 , 303. 

Pouchet, G., 1876, Des changements de coloration sous I’infiuence dcs nerfs, J, anal, et 
physiol,, Paris, 12, 1-90, 113-165. 

Prosser, C. L., 1934, Action potentiak in the nervous system of the crayfish. I. Spon- 
taneous impukes, J, Cell, and Comp, Physiol,, 4 , 185. 

Sand, A., 1935, The comparative physiology of colour response in reptiles and fishes, 
Biol. Rev., 10 , 361. 

Smith, D. C., 1928, The effect of temperature on the melanophores of fishes, J. Exp. 
Zool, 62 , 183. 

Smith, D. C., 1931, The influence of humoral factors upon the melanophores of fishes, 
especially Phoxinus, Z. vergleich Physiol, 15 , 613. 

Tomita, G., 1938, The physiology of color changes in fishes. II. The antidromic re- 
sponses in the melanophore system in the angelfish, J. Shanghai Sc. Inst,, sec. IV, 

4 , 9. 

Vilter, V., 1938, D6terminisme mflano-constricteur de bandes d'assombrissement con- 
s6cutives aux sections nerveuses dans la nageoire dorsale du Gobius, Compl rend. 
Soc,hiol.,m,\m. 

Vilter, V., 1939a, Configuration des dermatomes pigmento-moteurs chez les t616ost6ens 
et modalit6s de leur recouvrement r6ciproque, Compl rend, Soc. biol, 130 , 388. 

Vilter, V., 19396, Evolution des bandes sombres provoqu6es par la section de nerfs pig- 
mento-moteurs chez les t616ost6ens. Intervention de la circulation en tant que 
vecteur des hormones pigmento-motrices, Compl rend. Soc. biol, 130 , 391. 

Waring, H., 1938, Chromatic behavior of elasmobranchs, Proc. Roy. Soc. London, 
Series B, 125 , 264. 

Wykes, U., 1938, The control of photo-pigmentary responses in eyeless catfish, /. Exp. 
Biol, 15, 363. 

Wyman, L. C., 1924, Blood and nerve as controlling agents in the movement of melano- 
phores, J. Exp. Zool, 39 , 73. 



G. H. PARKER 


503 


Young, J. Z., 1933, Tbe autonomic nervous system of selachians, QmrL J. Micr. Sc., 76, 
571. 

Zoond, A., and Bokenham, N. A. H., 1935, Studies in reptilian colour response. II. 
The r61e of retinal and dermal photoreceptors in the pigmentary activity of the 
chameleon, J. Exp. Biol., 12, 39. 

Zoond, A., and £ 3 rre, J., 1934, Studies in reptilian colour response. I. The bionomics and 
ph 3 rsiology of the pigmentary activity of the chameleon, Phil. Tr. Roy. *Soc. London, 
Series B, 223, 27. 



504 


MELANOPHOKE BANDS AND ABEAS DX7E TO NERVE CUTTING 


EXPLANATION OF PLATES 

The photomicrographs on Plates 1 and 2 were taken by Miss Jane Bridgman. 

Plate 1 

Fig. 1. Tail of a moderately pale killifish, Fundulus heteroclitus^ showing, above, a 
newly excited caudal band fully dark and, below, a re-excited caudal band moderately 
dark. The re-excited band when first cut was as dark as the newly excited one seen in 
this tail. It was then allowed to blanch fully after which it was re-cut. It then dark- 
ened considerably but not completely. 

Figs. 2, 3, and 4. Photomicrographs iUustrating the conditions of the melanophores 
in different bands in the tail shown in Fig. 1. 

Fig. 2. Melanophores from a pale band with almost fully concentrated pigment. 

Fig. 3. Melanophores from the newly cut band; pigment almost fully dispersed. 

Fig. 4. Melanophores from the re-excited band; pigment fairly dispersed, but not 
as much so as in the newly excited band (Fig. 3). 





Plate 2 

Fig. 5. Photomicrograph of the pelvic fin of a pale catfish. 

Fig. 6. Melanophores from the fin shown in Fig. 5; pigment fully concentrated. 

Fig. 7. Pelvic fin of a pale catfish showing near the middle a dark band produced by 
cutting a ray. 

Fig. 8. Melanophores from an uncut ray in the fin shown in f'ig. 7; jiigment fully 
concentrated. 

Fig. 9. Melanophores from the dark band in Fig. 7; pigment fully <lispersed. 

Fig. 10. Pelvic fin of a pale catfish fully denervated by having had all the nerves 
which entered the fin severed in the body of the fish before they reached the fin. After 
this fin had blanched one ray was cut whereupon this ray darkened somewhat. 

Fig. 11. Melanophores from a blanched ray in the fin shown in Fig. 10; pigment almost 
fully concentrated. 

Fig. 12. Melanophores from the cut ray in the fin shown in Fig. 10; pigment partly 
but not fully dispersed. Compare with Fig. 9. 
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I 

On comparing monocular and binocular critical points for visual jSicker, 
within the fovea, it was found by Sherrington (1902, 1904, 1906) that for 
similar phases of interrupted illumination falling synchronously on each 
retina there was very little reinforcement, so that the binocular fusion 
frequency was almost the same as when using one eye (or a little higher). 
The observations were made at a comparatively high flash intensity, 
and thus at a high flash frequency, save for some incidental tests. No 
mention was made of differences in critical flash frequency for the right and 
left eyes of an observer; such differences are always revealed by systematic 
tests, in our experience, although at the upper end of the F-log I contom 
they may not be easy to detect. 

Sherrington’s data and the conclusions he drew from them, involving 
other phase relations in the interruptions of light to the two eyes, are 
frequently referred to in connection with the general problem of “binocular 
summation;” doubtless others have noted similar findings; but the basic 
question seems not to have been carefully re-examined. It has never 
been made entirely clear just in what respect such observations should be 
expected to reveal evidence of “summation,” and in default of a theory of 
the flicker response contour naive expectations might very well be obscure. 
In now making a re-investigation of the relations between monocular and 
binocular flicker thresholds a chief point has been to establish under op- 
tically aimplft conditions the relation of the binocular flicker response 
contour to that obtained for each eye taken separately. This has not 
heretofore been done. It is necessary also to have quantitative informa- 
tion as to the variability of such measurements. Relatively complete con- 
tours must be obtain^ for each eye taken separately before any real 
discussion of ^‘binocular summation” can be attempted. It cannot be 
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predicted that the relations at low flash frequencies, where the frequency of 
subjective flicker corresponds to the actual flash rate, will necessarily be the 
aftiTift as at high intensities where it does not; nor can the relations be- 
tween subjective brigbtness-&t-fusion, flash intensity, and critical frequency 
be adequately studied without knowledge of the whole curve. 

We have purposely employed for the present e:q)eriments a centrally 
fixated image large enough to provide an excitable extra-foveal area, thus 
extending the data to the “rod” segment of the duplex performance curve. 
The flash cycle used for the main observations gave equally long light and 
dark intervals. In other experiments, dealt with in communications 
immediately following, we discuss in detiul the effects of altering the retinal 
position of this image, the r61e of the light-time fraction, and the relations 
of the several response contours to the wave-length composition of the 
Ught. 

The interrelation between the influences of these variables is of especial 
significance for the theory of the flicker effect. For our immediate pur- 
pose, however, it is important that the same procedure is shown to be 
successful in analyzing the response contours obtained in these different 
experiments; the parameters which this analysis reveals may thus be used 
with confidence for the general comparison of the flicker excitation func- 
tions when one eye, the other, and both, are concerned imder the same 
physical conditions. Two practiced observers were used. Certain repro- 
ducible differences exist in the visual performance contours of these two 
individuals. Many additional data are now available for them, and 
confirm the finding that the same method of analysis applies when the 
variable of “individual difference^’ is concerned. The existence of such 
quantifiable differences of course shows why it is unwise to “average” data 
from different subjects; indeed this is really forbidden; only by accident 
could such averaged data exhibit theoretically significant properties. 

n 

The visual discriminometer already described in detail (Crozier and Holway, 1938- 
1939 a) was employed to form equivalent images in one or the other or both eyes. The 
ri^t-hand beam in the right-hand arm of the instrument was brought to a focus beyond 
the mirror Pi (Crozier and Holway, 1938, 1939 a, Fig. 1) in the plane of an accurately 
rat sector-disc. (This was possible by removal of the brass collar visible in Crozier 
and Holway, 1938-39 a, Fig. 2.) Beyond the sector-disc the beam was collimated 
and focused on the slit Si in the usud way (Crozier and Holway, 1938-39 a, Fig. 1). 
The disc was driven by a controUed-speed motor and gear s}rstem; the revolution fre- 
quency was determined from millivoltmeter readings of the potential developed by a 
sensitive magneto geared to the driving shaft (cf. Crozier and Wolf, 1939-40 d, etc.). 
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Fig. 1. View of discriminometer with sector wheel in position, driving device, mag- 
neto, and lamp ammeter (control desk with millivoltmeter, etc. not shown; observer’s 
cubicle removed); see text. 



Fig. 2. Comparison oi flicker response thresholds (flash intenbiiy, /«), solid circlets; 
^\\h fusion thresholds, open circlets. E. W., left eye, it, « 0.50, white light (the cwrve 
drawn is from: Crozier, Wolf, and Zerrahn-Wolf, 1937-38 6). 
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By using sectors with six or eight openings and a series of interchangeable gears, steady 
flash frequencies ranging from 2 to about 80 per second could be secured by control of 
resistances in the motor circuit. The general plan of the apparatus is seen in Fig. 1. 

The procedure was to secure observations with the left eye first, then with the right, 
then with both used simultaneously. The findings were then checked by taking readings 
with one eye, then with the other, then with both, during single sittings. Each series 
of measurements was preceded by at least 30 minutes dark adaptation; for w'ork at the 
lowest (2 to 20) flash frequencies, 4S to 60 minutes. A quite regular procedure of 
relaxation during the interval of dark adaptation is important in .securing regularity of 
response. Comfort for the observer is insured by the air-conditioned atmosphere of 
the dark room. A period of several minutes adaptation to each critical fusion intensity 
level precedes the taking of observations. Each group begins with the lowest flash 
frequency F desired in that particular set, and the value of F is then fixed at successively 
higher levels by small steps, with appropriate rest periods during the series. Suc- 
ceeding groups of determinations are so arranged that there is a partial overlapping of 
the F ranges; data are taken at eight to ten levels of F in one sitting per day. 

It is important for precise observations, taken in such a way as to make possible the 
study of the variability of readings, that the observer does not control the apparatus 
in any w'ay. This permits the observer to enjoy relaxed concentration while reducing 
the possibility of head and eye movements de.spite the use of the headrest. It also helps 
to assure reasonable uniformity in the way in which the end-point is approached. After 
several preliminary trials at each F the approximate value of the critical intensity is 
known to the person operating the instrument. 1'hen, beginning at a flash intensity 
about 0.20 log unit below this value, the optical wedge (Crozier and Holway, U)38 39 u, 
Fig. 2) is moved at a nearly constant rate until the observer signals that the intensity 
for recognition of flicker has been reached. This is repealed until ten readings have 
been taken. The ob.servcr may signal orally, or by means of a foot-switch turning 
on a small red pilot light. 

Wc have used systematically the determination of the flash intensity I critical for 
recognition of flicker {"'Flimmcrn''), at fixed flash-frequencies F. The curves so pro- 
duced areof course noiquite the same as those for the flicker fusion intensities obtained by 
lowering / at fixtrd F until fusion is observed; the latter are found to be of the same form 
but of course tend to be a little below on the intensity scale (Fig. 2); the variability of 
the critical fusion intensity tends to be a little higher than for the critical flicker intensity. 

I'he discriminometer slit was adjusted to produce on the retina a square image 
subtending ca. 6.13° on a side. In the present experiments the image was centrally 
fixated. For work at the lowest intensities, a minute red dot produced by a beam in 
the left-hand arm of the discriminometer (r/. Fig. 1 ; and Crozier and Holway, 1938-39 a, 
Figs. 1 and 2) servt‘d as a fixation point in the center of the square. Its intensity could 
be .so adjusted as to make it visible only when focused in the fovea (relaxed accom- 
modation). The cross-section of the beam at the eye-ring is such that its area is less 
than that of the fully contracted pupil (c/. Crozier and Holway, 1938 39 a). The square 
image extending 3°-|- vertically and horizontally from the fovea includes that part of 
the retina known for the particular observers to be of highest intrinsic threshold. Some 
data for W. J. C. are in Crozier and Holway (1938 -39 h, 1939- 40); the exact form of the 
curve for threshold intensity as a function of distance from the fovea, of course, depends 
on the size of the test-patch and on the exposure time, as we know from other w'ork with 
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these observers; and the excitability of a given retinal area as a whole behaves as a unit 
in which the observed excitability is determined by the concurrent excitation of spatially 
contiguous regions (c/. Crozier and Holway, 1939-40). 

m 

Data obtained by the procedure outlined in section II, for £. W. and 
W. J. C. as observers, are listed in Table I. In considering the properties 
of such data we have first to deal with the question of intrinsic reliability. 
This has two separable aspects. These are (1) the reproducibility of the 
mean values of the critical flicker intensities, and (2) the quantitative 
properties of the variation among the individual readings. The possible 
rdle of a particular apparatus and manipulative procedure can be checked, 
in evaluating the matter of reproducibility, by studying the form of the 
F-log I contour as already obtained for the same observers by a quite 
different technic (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b). 

We are fortunate in having sets of data on two trained observers of dis- 
similar ages, obtsdned with two different pieces of apparatus. We also 
have indices of the observed dispersions in the homogeneous sets of measure- 
ments of which the averages are utilized for the analysis. It should 
scarcely need emphasis, but apparently still does, that in the absence of 
measures of scatter there is really no objective criterion of curve-fitting to 
test a descriptive hypothesis. It is a characteristic of much of the litera- 
ture of visual theory that this basically significant information is practically 
never provided. Lacking it, any statement that the curve derived from a 
specified theory of the underlying mechanism “describes” the observations 
is, strictly speaking, without meaning unless the parameters of the pro- 
posed description can be demonstrated by independent tests to possess the 
properties the hypothesis implies. 

There are two organically different sources of variation in measurements 
of the kind which concern us here. These are (1) the differences between 
individuals, and (2) the fluctuating performance of an individual. We are 
excluding for the moment those variations and differences due to instru- 
mental or manipulative causes; these appear partially in (2), but can 
influence (1) also, since different individuals may of course react diversely 
to manipulative differences. It has been a very general practice to seek 
to increase the significance of measurements of visual excitability by using 
a large number of observers (agmn, usually without dispersion indices). 
Since the several parameters of an excitability function can and do vary 
quite independently, the quantitative ngnificance of these mean data is 
in doubt even if the same individuals are employed the same number of 
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times, with the same procedure, at each of the points on the excitability 
contour. All that can then be smd, really, is that such data partially 
e3q>ress the experimenter’s conception of the “normal state.” However 
great the value of this might conceivably be, it is after all not the primary 
concern in researches supposedly designed to elucidate the nature of visual 
excitability. Cases do arise in which a group of individual organisms can 
be shown by analysis to be effectively a homogeneous group as regards 
excitability {cf. Crozier, 1935; Crozier, Wolf, and Zerrahn-Wolf, 1936-37 o, 
h, 1937-38 a, 1938-39 a, etc.). This cannot in general be done for groups 
of human observers. The only basis for sense in this matter is the use of 
adequately numerous data on single observers, with the indices of varia- 
tion permitting use of objective criteria as to whether a sufficient degree of 
homogeneity in the measurements does eidst. 

Just how serious differences can be between observers surely “normal” 
is sufficiently exemplified in Fig. 3. “Averages” from such curves would be 
meaningless. The contrasts apparent in Fig. 3 are of an order quite dif- 
ferent from the fluctuations of successive determinations with one observer. 
The properties of these fluctuations are quantitatively definable in a simple 
way, and have a usable significance. 

For each of the observers in the present experiment we already have 
available (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b) flicker response con- 
tours with the left eye, using a quite different apparatus. The centrally 
fixated image was square, and larger (14.3'* on a side) than in the present 
case. The “rod” component of the duplex curve is therefore more prom- 
inent. For the older observer (W. J. C.) there is in the “cone” branch of 
the curve (Fig. 4) no real difference between the new data (Table I) and 
those already published. For E. W., yoimger and more likely to be at 
an age for more rapid visual change, a real although slight difference is 
evident. For the rod extra-foveal) part of the response contour we 
have a rather striking difference between £. W. and W. J. C.; for the latter 
the rod segment runs to lower intensities. Qualitatively, this difference 
is likewise seen in the older data, where the larger test-area is responsible 
for a larger rod segment with each observer. The important point is 
that the cone data are shown to be essentially reproducible, quantitatively 
(with dpe respect to the age factor), and likewise the qualitative character 
of the relative rod contribution, independently of the apparatus used and 
over a period of several years. 

Referring once more to Fig. 3, a further comment must be made concern- 
ing homogeneity, averaging, and the estimation of comparative exdtabil- 
ities. It is obvious that when the homologous performance contours for 
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Fig. 3, Comparison of (binocular) flicker response contours for two observers, under 
the same conditions of observation (Table 1). 



Fig. 4. Comparisons of F-log Im contours obtained with two different pieces of 
apparatus, at an interval of 2.5 years, for two observers. Open circlets, data«from 
Crozier, Wolf, and Zerrahn-Wolf, 1937-38 5; solid dots, data of the present paper 
(Table I). The older data with a 14.3® square field, the newer field 6.13® on a side; 
/l 0.50, white light. See text. 
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two individuals cross one another — a situation not at all unusual — the 
only possibly valid method of comparing their performance capacities 
involves and depends upon the theory of the contour as a whole (c/. Crozier 
and Pincus, 1929-30; Crozier and Wolf, 1938-39, 1939-40 a; etc.). It is 
also clear that no simple transformation of the curves, such for example 
as equating the maximal or the median excitabilities, will bring the two 
curves into even approximate uniformity. In a similar way the com- 
parison of excitabilities using the right and left eyes of one individual is 
also faced with the necessity of using complete performance contours. 

IV 

The data of the flicker response threshold for the comparison of results 
using oiie eye, the other, and both, with white light (Table I), are plotted 
in Figs. 5 and 6. For each of the observers it happens that in ordmary 
use the left is definitely the dominant eye. Yet, as we know from much 
other data (especially for W. J. C.), “absolute” visual thresholds under 
given conditions are lower for the right eye. They also tend to be lower 
for E. W. than for W. J. C., although at given levels of A the values of 
A/ are lower for W. J. C. As already shown in Fig. 3, the F-log I contours 
for the two observers cross. For each of them the log /» values are per- 
sistently lower for the right eye than for the left, while at the fusion fre- 
quency and intensity the field presented to the right eye (i?) is subjectively 
brighter than that seen by the left (Z,), although the intensity is lower. 
These effects are in general accentuated when colored lights are used. 
They cannot be accounted for by imperfections of the binocular head of 
the discriminometer or its matched oculars. This is easily checked by 
repeating the tests with one eye through the ordinarily opposite limb of 
the head. 

The difference between R and L is systematic and statistically signifi- 
cant, but it is not constant. It is a matter of the form of the entire F-log 
curve, just as in the comparison illustrated in Fig. 3. For E. W., the 
R and L curves actually cross near the upper end. We shall consider the 
form of the R and L curves in some detml before taking up the binocular 
(B) curves, since the intercomparisons depend upon the use of assignable 
values of the parameters. The analysis of the variation data is then 
separately considered, in section VI, since it has an important bearing, of a 
kind apparently not hitherto suspected, upon the decisions which can be 
made concerning binocular summation. 

It has been shown for an adequate variety of organisms that when there 
is evidenced the visual activity of a rimplex performance system the 
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relation between F and log I is accurately described over its whole extent by 
a normal probability integral (Crozier, Wolf and Zerrahn-Wolf, 1938- 
39 a, b, c; Crozier and Wolf, 1940-41 a, b). The external form of the optic 
surface in the typical arthropod eye distorts this curve, in a predictable 
way (Crozier, Wolf, and Zerrahn-Wolf, 1936-37 b, .1937-38 c; Crozier and 
Wolf, 1939, 1939-40 o). The use of this particular descriptive function 
rests only in part upon its obvious success in adhering to the data; a more 
decisive justification is found in the nonspecific rules for the modification 
of its parameters when the temperature of the organism, the light-time 
fraction in the flash cycle, and certain other variables, are systematically 
altered (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 d, 1938-39 a; Crozier 
and Wolf, 1939-40 d, etc.). 

By the use of this function a separation has been made of the two groups 
of neural effects app>arent in the duplex performance curve t)T)ically ob- 
tained with vertebrates (e.g., Crozier and Wolf, 1938-39, 1939-40 6). 
This procedure has also been applied to flicker response data for man 
(Crozier, 1937; Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b). In the case 
of various fishes studied, the analysis provides descriptions of groups of 
neural effects so widely separated on the log I axis that no interference is 
detectable between the rising curves of the two populations (Crozier and 
Wolf, 1938-39, etc.). This is proved by the fact that the shape of the curve 
gives the same form constant when the curve as a whole has been shifted 
by altering the temperature or the light-time fraction in the flash cycle, 
even when the two portions of the duplex contour are not affected to the 
same extent. The important point in this connection has to do with the 
invariance of the shape constant for the low intensity segment of the 
curve. The behavior of this constant in cross-breeding e^>eriments with 
fishes is — like that of the shape constant for the upper segment — entirely 
consistent vrith the idea that for these cases the shape constant in ques- 
tion is an organic invariant (cf. Crozier and Wolf, 1938-39, 1939-40 b). 

The situation is significantly different for some vertebrates in which 
the overlapping of the low and high intensity populations of effects is more 
complete (as seen with man, frog, TrUurus, Fundtdus: Crozier, Wolf, 
and Zerrahn-Wolf, 1937-38 b; Crozier and Wolf, 1939-40 c,e,f). In these 
latter cages there is reason to believe (cf. particularly the folloVting paper: 
Crozier and Wolf, 1940-41 c) that the actual form of the rising low inten- 
sity segment of the F-log I curve is the outcome of neural integrations 
resulting in the partial suppression of effects in the low intensity group. 
The evidence for this is chiefly derived from experiments in which both 
wave-length of light and the light-time friction are varied, and in different 
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retinal positions. The general properties detected in these experiments are 
kept in mmd m the subsequent analysis. 


lo 0.0 in r.o an 



109 iffl 

Fig. 7. The upper segments of the graphs of Fig. 5 transferred to a probability grid, 
and separated laterally for clearness. The asymptotic values of P — are indicated. 



In these discussions we have been well aware of the traditional assump- 
tion that the low intensity segment of such duplex curves of vertebrate 
visual performance is due to the activation of retinal rods, the high intensity 
segment to the activation of retinal cones. This assumption has tended to 
tftfcfi the form (cf. Hecht, 1937) that the quantitative properties of the two 
segments directly represent and measure respective quantitative properties 
of the rods and cones as excitable units. For this proportion, in this ex- 
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treme form, no real basis whatever can be found. As a matter of con- 
venience in reference, however, we have used the designations “rod” and 
“cone” for the two sections of the duplex contour; the quotation marks sig- 
nify that we do not take the form of the curves to represent in any direct 
way the diaracteristics of the retinal sensory cells. 



Fig. 9. The extrapolation of the curves in Fig. 7 and the difference curves obtained 
by subtraction from the data of Fig. 5. 



FIg. 10. The lower segment of the data for £. W. (Fig. 6) analyzed as in Fig. 9, 
on the basis of Fig. 8. 

The cone portions of the data of Figs. 5 and 6 are shown on a normal 
probability grid in Figs. 7 and 8. Confining attention for the moment 
to the R and L measurements, it is seen that in each case the value of 
Fm. required for an adequate fit is definitely higher for L. With W. J. C. 
the slope constant (a^ioi r) is a little higher and the abscissa of inflection 
/ a little; lower (0.15 log unit) for R. With E. W. the situation is essen- 
tially the same. The criteria for an adequate fit are rectilinearity on the 
probability grid and the parallel margins of scatter of the points. The basis 
for the use of the latter criterion is indicated in section VI. 

Following the process already used in the study of many other cases 
already referred to, the probability integrals of Figs. 7 and 8 have been 





W. J. CROZEER AND ERNST WOLF 


519 


extrapolated toward F = 0 (Figs. 9 and 10); by ordinate differences the 
rod contributions shown as dotted lines are then obtained. The rising 



Fig. 11. The dissected-out “rod” curves of Fig. 9 (W. J. C.) transferred to a prob- 
ability grid: for R, dots with right-side tag; for L with tag on the left; circlets, B, The 
values used for Fomx. ^re: R, 10.5; L, 10.0; B, 10.1. The points plotted arc read from 
the dotted curves in Fig, 9. 



Fig. 12. The isolated “rod” curves for E. W. (Fig. 10) on a probability grid, as in 
Fig. 11. The values used for Fmu. are: R, 5.5; L, 4.5; B, 5.2. 


and the falling branches of these dotted curves also exhibit rectilinearity 
upon a probability grid (Figs. 11 and 12). The raw rod data (Figs. 5 
and 6) do not. For W. J. C. and E. W. the corrected rod Fmax. is definitely 
higher for R than for L, the slope constant is higher, and t' less. The 
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declining curves do not differ much in <r'iog i or in r'; the evidence for con- 
sidering the form of these declining cmves as resulting from inhibition of 
rod effects by cone effects is considered elsewhere (Crozier and Wolf, 
1938-39; 1940-41 c, d). 

v 

Figs. 5 to 12 inclusive also contain the measiurements for the mean binocu- 
lar {B) flicker thresholds. We shall consider the B parameters in relation 
to those for R and L before dealing with the variation data (section VI). 
Both are necessary for the theoretical analysis, and they supplement one 
another in perhaps unexpected ways. It is necessary also to record some 
subjective effects concerning brightness. 

As shown in Figs. 5 and 6, the mean B thre^olds for £. W. adhere 
rather closely to, or are a little below, those obtained for the eye (ii) with 
lower threshold, over most of the F range; at the two ends of the range, 
however, they agree rather well with those for the other eye iL). For W. 
J. C. the B data fall in between the R and L measurements except at the 
very top; it cannot be said that they are the arithmetic mean or the geo- 
metric mean of the R and L ^ures, however; as with E. W., the form 
of the B curve b not the same as that for either eye used alone. Ob- 
viously, no statement comparing simply the effects of monocular with 
binocular flicker excitation can be unambiguous in the absence of detailed 
information over the entire explorable range. While it is true that condi- 
tions can be found (as near the crossing point of the R and L curves for 
E. W., Fig. 6) such that a very small difference exists between B and R, 
L, thb is not the characteristic state of affairs. Although it b true, as 
Sherrington (1904) described, that the B vs. R, L difference is slight, it is 
nevertheless real and systematic. 

The B contours are analyzed into their constituent branches in Figs. 
8 to 12. The probability integral formularion is just as efficient as for the 
monocular data. It emerges that with W. J. C. the B cone value of Fan. 
b definitely higher than for R or L, the slope constant t/jot / b intermedbte, 
and the abscbsa of inflection r' b exactly intermedbte. With E. W. 
on the other hand, the B Fna. b not certainly different from that for I,, 
t b less than for either R or L, but r' b again intermedbte. It b to 
be added that when the light-rime fraction is systematically modified, and 
for a given wave-length composition, m a g^ven rerinal region, the value 
of the ff'ioc t for the rod (rismg) curve as analyzed out b found to be m- 
variant despite the unequal shifts of the rod and cone contributions; the 
significance of thb for the statbrical baris of the observed funcrions b 
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mentioned elsewhere (Crozier and Wolf, 1940-41 c, d, e). Thus the state- 
ment which can be made for these two observers is that log for the in- 
flection of the binocular cone iF-log I contour is radier precisely intermediate 
between that for the right and the left eye monocular observations. It is 
exhibited in these results that there is no necessary correlation between 
the changes in the three parameters of the probability summation, — as is 
also clearly demonstrated by the various experiments in which the curve 
is modified experimentally {cf. Crozier and Wolf, 1940-41, c, d, e). 

The “B” rod curves obtained in Figs. 9 and 10 are analyzed in Figs. 11 
and 12. For the W. J. C. curve the B Fmax. is about that for L, but the 
rising curve does not differ otherwise from that with R. The E. W. rising 
B curve is also quite like the R. (The general nature of the declining 
branches has been referred to already.) It is to be mentioned that in 
our earlier experiment, with a larger test area centrally fixated, the rod 
curve is one with a higher Fmu., a lower t', and a much greater <r'iog/ 
(c/. Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b). 

The general conclusion to which Sherrington (1904) came from his ex- 
periments with symmetrical binocular flicker and brightness was that 
the binocular perception results from the combination of fully “elaborated 
uniocular sensations,” and is the product of “already elaborated sensations 
contemporaneously proceeding.” With this we agree. In Sherrington’s 
observations he found reason to doubt whether the well known slight excess 
of binocular brightness over that of the uniocular components was really to 
be explained as due to summation of the intensities of effects at the cor- 
responding points of the two retinas, and that, most often, the binocular 
brightness was not perceptibly different from that of either of its co-equal 
uniocular components. Under the conditions of the present observations 
there is no possible complication due to the consensual pupillary reflex, 
or to changes of accommodation, and care was always taken to continue 
comparisons until no differential effect of adaptation could play a part. 
Yet we find that the L and R subjective brightnesses just at fusion are not 
equal, that for R being the greater in these tests, and that the B subjective 
brightness at critical fusion is always above that for either eye taken alone — 
yet the R critical intensity is characteristically lower than the L while the 
B critical intensity over most of the range either agrees with that for R . 
or lies between the R and L. 

Obviously, the relation between F and log /« is not determined by the 
subjective brightness alone. This conclusion is well reinforced by the con- 
sideration of data in which wave-length of light and light-time fraction in 
the flash cycle are involved as variables (Crozier and Wolf, 1940-41 c, d). 




l<>9ljn 

Fig. 13. Data for the comparison of L, R, and B flicker recognition thresholds (W. 
J. C.) with blue light, light-time fraction ft, » 0.10. The “foveal” type of end-point 
appears at the level a; the blue color threshold is at b. The curve (£) is that obtained 
from other, more complete series under these conditions (</. Crozier and Wolf, 1940-41 d). 


binocular fusion the observer sees two illuminated squares, each centrally 
fixated. The differential R, L, brightness is then obvious, but both fields 
are seed to flicker simultaneously at the critical flash intensity characteristic 
of the binoctdarly fused image (for the same F), whether this be below or 
between the R and L values. Central integration of effects dmultaneously 
arising from the two eyes must consequently be taken as proved, and as 
independent of subjective fudon of the unages. 

The possibility existed that R, L differences mi^t perhaps bemagnified 
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under certain conditions. Since the whole /^-log I contour is enlarged 
and shifted toward lower flash intensities when jthe light-time fraction is 
reduced (Crozier and Wolf, 1940-41 c, i), and also by using blue light, an 
experiment was done with blue light (Wratten Filter No. 47) and a flash 
cycle with 0.10 light-time. The absolute scatter of the determinations of 
critical flash intensity is also lower under these conditions. The data are 
given in Table II and in Fig. 13. W. J. C. was used since in the data 
with white light (Fig. 5) his B figures were more nearly intermediate be- 
tween the R and L. It is shown in Fig. 13 that the separation of R and L 

TABLE n 

Size and location of retinal image as in Table I — 6.13® square, centrally fixated; blue light 
(Wratten Filter No. 40); light-time 0.10 of the cycle time. Left eye (Z), right eye (R), and 
binocular (B) determinations (n « 10) of mean critical flash intensity for flicker and of 
observer, W. J. C. The intensities (ml.) are in terms of a photometric match against white 
light (below the color threshold). See text and Fig. 13. 



L 

R 

B 

p 

log/M 

log P.E.tjr, 

log Im 

log P.E.i/1 

log/m 

log P.E.I/J 

pwsee. 







10 

7.0226 

9.8619 

7.4479 

9.8740 

7.4709 

9.8716 

20 

6.n66 

6.2474 

6.6696 

7.9977 

6.7106 

7.9564 

30 

4.9384 

5.3463 

4.8167 

5.0918 


5.2144 

40 

3.6863 

i.0867 

3.6662 

5.8545 

3.6207 

5.8631 

50 

2.6966 

3.0703 

2.6633 

?.7211 


3.8846 

55 

i.6232 

2.0339 

i.4436 

3.8366 

i.4882 

3.6612 


is of exactly the same general sort as with white light (Fig. 5), and that 
B is again intermediate. It is important that under the conditions of this 
particular test the blue color threshold is not reached until just below F = 
50 on the curve, and the typical “foveal” appearance of the flicker recog- 
nition point not until ca. F = 43 along the curve. A fuller analysis of 
these indications is attempted in following papers, but their significance for 
the rlassiVa.] use of ordinary criteria for rod and cone function is highly in- 
teresting. For present purposes the measurements show that the relation- 
ships between L, R, and B measurements already discussed for white 
light and = /a are in fact independent of wave-length composition of light 
and of the light-time fraction, and of the brightness level. 

Analysis of the variation of /.> the critical flash intensity, and of the scat- 
ter of the indices of this variation, supplies further important criteria which 
the theory of neural integration for binocular flicker must satisfy. 
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VI 

The recognition of flicker is a form of intensive discrimination; the fact 
that at high flash frequencies the critical flash frequency does not corre- 
spond, subjectively, to the physically impressed frequency is no bar to this 
interpretation. One of the aspects of the homology of the flash intensity 
with A/o and A/ as ordinarily determined is the parallel way in which /«, 
like A/o or A/, is directly proportional to its own index of variation (<r/ 
or P.E./), as shown for many series of measurements (Crozier, 1935-36; 
Crozier and Holway, 1937, 1938, 1939-40; Croaer, Wolf, and Zerrahn-Wolf, 
1937-38 a). There are two aspects of the interdependence of /« and P.E./, 
namely the mean magnitude of the proportionality constant and the man- 
ner of distribution of the values found in the band of slope = 1 relating 
log P.E./ to log /m. For sufliciently homogeneous data the distribution is 
such that the line giving the mean value of the proportionality constant 
divides the log P.E./ width of the band arithmetically in half. For non- 
homogeneous data with a single observer, such as result from the massing 
of observations taken over a period of some days, this line simply divides 
the log P.E./ span equally. The position of the median line and the posi- 
tions of its margins can be objectively determined by projecting the positions 
of the points along a 45° slope to a common ordinate and determining the 
mean and the S.D. for the frequency distribution of the intercepts (c/. 
Crozier and Holway, 1937, 1938). For the two observers the mean P.E.//,, 
here obtained is (W. J. C.) a little lower and (E. W.) a little higher than in 
the older series with other apparatus (Crozier, Wolf, and Zerrahn-Wolf, 
1937-38 b). (The absence of a “break” in the present variation plot is 
correlated with the small rod group.) 

The study of the properties of the variation of A/ and of A/o (Crozier 
and Holway, 1938; 193SM0) has shown that this variation, imder uniform 
conditions of test, has properties which must be regarded as an organic 
product of the performing system under test. These considerations reap- 
pear in the data of the present experiments. From measurements of A/ 
at different levels of I\ it was shown (Crozier and Holway, 1939-40) that 
with monocular measurements, at different areal exposures and for different 
wave-lengths, o-/ a/ and A/., were in the same statistically constant propor- 
tion and slightly Unoer than for corresponding measurements noade binocu- 
larly. For the binocular determinations, however. A/ measurements at 
a given level of Ii are lower than the mean of the values for the two eyes 
individually (Crotier and Holway, 1939-40), in a mean ratio a little less 
than the 1.41 obtained for “absolute” thresholds with the same apparatus 
and general procedure (Crozier and Holway, 1938-39 b). 
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The variation data in Table I are plotted in Figs. 14 and 15. It is shown, 
in the first place, that the proportionality constants for monocular P.E./ 
vs. Im are not the same for the two eyes, being a little lower for if; the 
breadth of the scatter band is a little greater, however, for R. In each 
case the mean ratio for the binocular measurements B is definitely lower 
than that for either Rot L taken alone. 

The mean values of P.E.i//« are for W. J. C.: R, 3.62; L, 4.67; of d 
of the sets, R, 1.45, L, 1.41; the B mean ratio is 2.99, its ai = 1.34. The 
average of the ratios for R and L = 4.15, which is 1.39 times the value 
for B. (These values are all lower than found for determinations of AI 
and Alo under the same conditions with this observer.) 

With E. W. the corresponding values for the means are, for P.E.i//»: 
R, 9.31, L, 10.06, B, 6.68; the average for R and L is 1.45 times greater 
than the value for B, as compared with 1.39 for W. J. C. For R and L, 
d is 1.466 and 1.471, for B, 1.34. 

The values of ffiiogp.E.i for W. J. C. and E. W., which are the proper 
basis of comparison of the monocular and binocular dispersions since the 
data are non-homogeneous to the extent that they comprise compound 
fluctuations, are in the (L + R)/2 B ratio of 1.25 and 1.37. 

Thus both the mean value of the precision and of the scatter of the de- 
termination of Im, with the intensity level automatically corrected out, is 
definitely less for the binocular measurements than for either of the con- 
tributory uniocular processes taken singly. The value for the B data is 
found to stand in the ratio of 1.39 (W. J. C.) and 1.45 (E. W.) to that for 
the average values for the respective right and left eyes. It is very doubt- 
ful if either of these values departs significantly from their mean, 1.42. 
The variation data in Table II, for W. J. C. with blue light mnd i[, — 0.10, 
tell essentially the same story, although they are not sufficiently numerous 
for analysis. This is the kind of result clearly to be predicted on the basis 
that discriminatory precision is a consequence of the number of elementary 
imits involved in a statistical discrimination (Crozier, 1936), and if in the 
binocular measurements the numerical potency of these discrifninatory 
elements is doubled, the precision is accordingly increased in the ratio 
^/2 to 1. 

We have to note that only when the procedural errors are held reasonably 
constant, and when the correlation between /« and di can be used to ex- 
hibit their relationship independent of intensity, can this type of demon- 
stration really be made. It is important to remark, however, in view of 
the fact that different operators were in control of the instrument for the 
E. W. and W. J. C. series, that the quantitative relationship between 
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Fig. 14. The dispersion indices for the values of I\ averaged to give Im rectilin- 
early related to /«»; log P.£.i /j vs, log Im gives a band of statistically constant height 
and slope - 1. Data for W. J. C. (Table I); the bands are separated vertically for 
clearness. The proportionality constant is less for B (in the ratio 1.39 to 1), and the 
relative scatter of P.£.i /| is less. See text. 


Fig. 15. Variation data for E. W. (Table I); as in Fig. 14; see text. 
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P.E.U 1 and Im is not (within reasonable limits, at any rate) a fimction of 
the manipulator. Nor, as we know from adequate tests, is it modified 
essentially by changes in the procedure used in approaching the end->>oint. 
A chief possible source of such modification lies in the level of adaptation 
adopted as the standard from which to approach the end-point, and in 
the rate of this approach. For W. J. C. the standard method was to increase 
the flash intensity from ca. 0.18 log unit below the critical region. The 
mean value of /« can be made 0.10 log unit lower by beginning from a 
lower level of adaptation, at 0.90 log imit below the critiad region. T^is 
is, of course, to be expected, but the important fact is that P.E.„, then 
stiU has the same relationship to /». With E. W. each measurement was 
begun from a level of intensity proportionately lower than with W. J. C.; 
but this cannot explain the difierences found in their variability functions. 

vn 

The evidence described may now be considered in reference to the theory 
of binocular summation in symmetrical flicker. The data show that there 
are systematic differences between the binocular flicker recognition con- 
toiurs and the contributory uniocular contours determined separately. 
The differences cannot be adequately described simply by saying that the 
B data are intermediate between those for R and L; the shapes of the 
contours differ. For the cone segments the parameter r', the log Im abscissa 
of inflection of the curve, is rather precisely intermediate between those for 
R and L. The analyzed properties of the rod segments show their forms 
to result from complex interaction between cone and rod elements of effect, 
in the sense that progressive increase of cone effects inhibits the action of 
rod effects. The rising branch of the pure rod contribution to the duplex 
curve, obtained by deducting the cone effect in the region of their overlap- 
ping, is found to show the B curve following pretty closely that for the eye 
(R) with lower /«. That a real neural integration is involved in the pro- 
duction of these findings is shown by the synchronous behavior of the end- 
point for non-binocularly fused images in the two eyes. 

We have also the fact that the binocular brightness is certainly greater 
at all critical fusion levels than that for either eye alone. The R images 
at fusion Vere subjectively brighter than the L and I, was lower. The 
relations between tbe R, L, and B critical intensities are the same when 
the determinations are made with blue li^t in a fla^ cycle with 10 per 
cent light-time. Under these conditions the level of brightness for the 
F-log Im curve as a whole is very low, the fusion color threshold being at 
ca. F ^ 50, but I, is far below ^at for the white light cases already con- 
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sidered. Consequently, the critical flarii intensity cannot be considered to 
be determined by the general or relative brightness. 

The further and quite significant general fact provided by the measure- 
ments is revealed in the relationships of the mean values of /* to 
indices of precision, — or, more exactly, the rectilinear relations of P.E.i/ 
to Im- For B, the relative scatter of Ii is less than that for or Z., in the 
general ratio of 1:1.43. Moreover, the scatter of the values of P.E.i is 
less. Now we know (Crozier and Wolf, 1940-41d) that when the light-time 
ratio is varied the scatter of P.E.i as a function of /■> is less the larger the 
light-time fraction; the relationship is rectilinear. In this case the P.E.u, 
span is directly proportional to the value of Fma., a fact confirmed by tests 
in different parts of the retina as well (Crozier and Wolf, 1940-41d). This 
sort of thing cannot be entirely a matter of statistical dependence or ac- 
cident, since in general theory <r and cr, must be in simple proportion. When 
corrected for 7, is foimd to be directly proportional to f .... , as in the 
experiments involving retinal position and the light-time fraction, with 
area of image constant, the notion arises that the breadth of the variation 
band is decreased with increase of the brightness level and with decrease 
of the total population of elements {d F/d log I) involved. There is some 
support for this in corresponding data with colored lights, which we describe 
in a subsequent paper. But it is clear that the factor of subjective bright- 
ness level and the factor of “size of population” do not necessarily work 
concurrently. This is abundantly shown by the colored light data. For 
the B, R, L cases the B fusion brightness is greater, but Fmn. is only slightly 
or not at all increased; in conformity to the increase of brightness, o’/, 
decreases, and ai/Im is reduced as 1 : y/2 — although when monocular bright- 
ness is increased by increasing ti it does not change. At the same time, 
the B subjective fusion brightness is certainly not doubled, and we suspect 
that its ratio to the mean of R and L fusion brightnesses is a function of 
the intensity level. 

To rationalize these somewhat confusing relationships it is necessary 
to suppose that brightness is one kind of sensory effect, while Fata., measures 
another. The relations between them are complex. The values of P.E.i 
and the scatter of F.E.i are not determined by the brightness level for the 
function as a whole, and are not determined by Fmax., although in different 
circumstances they may appear to be correlated. The fact that the two 
statistical indices are independent of /« along any one contour can be best 
tmderstood on the basis t^t in the determination of the critical intensity, 
at any level of F, the whole population of elements potentially available 
under the conditions is actually at work. This is the essence of the con- 
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ception of statistical fluctuation used in the derivation of the expectation 
that the form of the contour will be given by a probability summation 
(cf. Crozier 1937; 1940 o, b). For binocular flicker the number of these 
elements is doubled in some fashion, as the variation indices prove, and the 
fusion brightness is somewhat increased (correlated with a decrease in the 
scatter of P.E.u), but this does not materially increase Fbuk.. In other 
words, the potential effectiveness of each element is doubled, but the total 
number is pretty much the same. This is not dependent on subjective 
fusion of the images from the two eyes. 

The fact that the probability summation effectively describes the flicker 
data and their modifications under different conditions of retinal area, 
location, wave-length of light, light-time fraction, and temperature, in a 
wide diversity of animals, and for monocular and binocular presentation, 
is of course a potent argument for the propriety of using it. In the various 
experiments made with arthropods, lower vertebrates, and birds, surrounded 
by a rotated cylinder with vertical stripes, binocular stimulation is 
necessarily used. (This of course does not mean binocular fusion of the 
field of regard.) Certain particular problems arising in this connection, 
by reason of the fact that the animal is free to move about within the cyl- 
inder, have been discussed on the basis of experiments with the crayfish 
Cambants {cf. Wolf, 1940; Wolf and Crozier, 1940-41). If the essential 
dynamical properties of such data are determined centrally, and they must 
be so regarded in the binocular instance, then two possibilities exist: either 
the properties of the uniocular data are also determined centrally, or else 
the nature of the measurements has a similar character whether determined 
centrally or peripherally. The demonstration of a statistical basis for the 
nature of the data is of course by itself consistent with either possibUity. 
The composition of two probability distributions gives another probability 
distribution; the Gaussian function is apparently the only one having this 
property (Cram6r, 1937). Unquestionably this is the source of its general 
capacity to account for the data in these complex situations. 

There arises natiurally at this point the question as to the manner in 
which the central nervous composition of two independently produced 
uniocular effects could be expected to show itself. In the interpretation of 
complex visual effects considerable general use has been made of the terms 
“inhibition” and “summation.” It is preferable to speak rather of integra- 
tion, since this may be done without theoretical prejudice. This concep- 
tion avoids the troubles arising in the situation depicted in Figs. 4 and 5; 
inhibition with respect to one eye is often summation with respect to the 
other; the intermediate value of the B cone / (and the B <r'io* /) certainly 
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denotes integration rather than anything else. Difficulties are also avoided 
when dealing with the rod-cone overlap: if our analysis of the situation is 
sound, inhibition of some rod effects is simultaneously accompanied by 
summation of cone effects with the remainder. 

The determination of visual threshold intensities shows that for the 
^ ^absolute’’ threshold the effect of doubling area in one retina is qualitatively 
like that produced by viewing the same area simultaneously with both eyes 
under conditions of binocular fusion (Crozier and Holway, 1938-39 6). 
For understandable reasons, in part (i.e., fixation), the binocular mean 
variation is increased, but the ratio of mean (A/o)^ to the mean for L and R 
is not certainly different from 1.41. There is reason to believe that this 
ratio may be a function of the exposure time; when A/ is obtained for finite 
levels of h it is influenced only slightly by the intensity level; the effect on 
A/ of enlarging the retinal area illuminated is quantitatively the same for 
binocular and uniocular presentation (Crozier and Holway, 1939-40: 
Crozier, 1940 a). It is greater than the ratio obtained for symmetrical 
doubling of area on one retina. The examination of the exposure time 
function shows, on the other hand, that within the fovea enlargement of 
area of test-patch beyond a certain limit brings about an increase of vari- 
ability in the population of cone effects (Crozier, 1940 a). The same result 
appears in F-log I contours when retinal location or test-patch area are 
changed to include different sized populations of cone effects (Crozier and 
Wolf, 1940-41 d): a'log / for the cone curve is increased when the cone 
population is reduced. For the rod populations the opposite result is ob- 
tained: enlargement of the rod population of units brings with it an increase 
in cr'ioi j for the rod curves (Crozier, 1940 c), as already shown for dark 
adaptation (Crozier, 1940 6) imder different conditions modifying the size 
of the dark-adapting population of elements. The homologous result in 
the two sets of flicker experiments with different areas that we have earlier 
discussed (section IV) is confirmatory. Both the enlargement and the 
reduction of <r'iog / as a result of increasing the number of the respective 
retinal units, by different methods of modification of the conditions of test, 
signify interaction and integration of neural effects at some level, but can- 
not reasonably be discussed in terms of inhibition and sununation. 

The closest analogy for the basic binocular effect in flicker is found m 
the data on binocular w. monocular A/o and A/. The ratio is about 1.41, 
but the quantitative result of enlarging retinal area illuminated is the 
same in both cases (Crozier and Holway, 1938-39 6, 1939-40). This proves 
that in the discrimination of h from A the binocular effect is doubled, al- 
though for a given A/ the size of ctiaj is not much affected, if at all. It has 
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been possible to show (Crozier, 1940 b) that A/ is really determined by the 
size of the population of effects available for further excitation, under the 
conditions given, so that 1/A/, the measure of excitability at any level of 
/i, is a declining probability integral in terms of log It. In the flicker case 
the magnitude of the level of “sensory effect” must be taken as directly 
proportional to F; but this measures the discrimination of the effect of 
flash intensity from the effect of flash after image (</. Crozier, Wolf, and 
Zerrahn-Wolf, 1936-37 b). If as a consequence of binocular regard the 
flash effect is increased, so also is its after influence. Consequently one 
must expect, it seems, on this basis, that the log critical fla^ intensity 
(t') for activation of one-half the total munber of elements should appear 
as the mean of those for the two uniocular components, — and, in the case 
of the raw rod curves, the B curve for the observed result should be the 
average of the two composite rod effects, which is seen. On the other 
hand, the precision with which the light-dark discrimination is statistically 
made should be, for a given value of /., increased by the factor 'n/J if the 
potency of each element concerned in making it is doubled. This the data 
show to be the fact. 


vm 

stnoiARY 

Comparison of monocular and binocular critical flash intensities for 
recognition of flicker, using a centrally fixated square image subtending 
ca. 6.13° on a side (white light), shows that for the cone segment of the 
response contour the inflection point of the probability integral correlating 
flash frequency F (for symmetrical flicker) and log mean critical flash in- 
tensity Im is with the binocular measurements exactly intermediate between 
those for each eye separately. This does not mean that in general the 
data are intermediate; they are not; the binocular asymptotic agrees 
with or lies above the greater one of the two uniocular curves. The entire 
contour must be considered for valid intercomparisons, as is also true if 
homologous curves for different observers are to be compared. For the 
measurements in the predominantly rod region the binocular data are more 
or 1^ intermediate. The rod curves result, however, from the integrative 
interplay of rod and cone effects for which the intrinsic curves overlap. 
The resultant rod curve as measured is determined by the partial inhibition 
of rod effects by cone effects, and by the summation of the remaining rod 
contributions with those labelled cone in origin. It is pointed out that in 
this respect, as in others, it is desirable to consider the r61es of retinal area, 
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and location, from the standpoint of integration of neural effects. These 
phenomena are essentially independent of the light-time fraction and of the 
spectral (X) quality of the light used. 

For binocular, as for uniocular excitation, the normal probability summa- 
tion provides an efficient general description, under diverse conditions of 
Mze and location of retinal image, wave-length composition of light, light- 
time cycle-fraction, and kind of animal. It is pointed out that this is the 
only function abstractly likely to exhibit this kind of efficiency. 

That a summation of veritable effects independently generated by simul- 
taneous, S5munetrical uniocular excitation does occur in the recognition of 
flicker is specifically demonstrated by the fact that for a given mean critical 
flash intensity the associated variation is lower for binocular than for either 
or the average of the single-eyed presentations, — and in the ratio not 
statistically different from 1:1.41; the relative scatter of the binocular 
indices of dispersion is also reduced below the xmiocular. Since the mean 
variation of the critical intensity is statistically in a constant ratio to 
in appropriately homogeneous series, independent for 'example of the 
brightness level and of the light-time fraction, this signifies an essential 
doubling of the effectiveness (potential) of each of the elements concerned 
in the discrimination of flicker when binocular excitation is concerned, 
although the total number of these elements is only slightly or not at all 
affected. The potential in question is not exclusively correlated with 
subjective brightness-at-fusion, which is, however, increased with binocular 
regard. 
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INTRODUCTION 

During the passage of an impulse in Young’s squid giant axon prepara- 
tion (Young, 1936), a considerable increase in the membrane conductance 
was found but relatively little if any change in the membrane capacity 
(Cole and Curtis, 1939). The conductance increase was interpreted as a 
measure of the increase of ion permeability which is commonly assumed to 
be a part of the nerve impulse. 

It is generally believed that when a current flows through a nerve mem- 
brane, the ion permeability is increased at the cathode and decreased at 
the anode. If this is true and the interpretation of the impedance change 
obtained during activity is correct, there should be an increase in the mem- 
brane conductance at the cathode and a decrease at the anode without a 
change in the membrane capacity during ciu-rent flow. With these assump- 
tions, an apparent contradiction is then found in the observations during 
the propagation of an impulse. During the foot of the action potential 
(before the point of inflection in the rising phase) the sim^ile cable theory 
requires that the direction of positive current flow be outward across the 
membrane, or cathodic. This would require an increase of membrane 
conductance, which was not foimd. At the point of inflection, where 
the current flow reverses from outward to inward, there should be a 
decrease of the membrane conductance to a value less tb.an that at rest. 
But it was at about this point that the large and rapid increase of the mem- 
brane conductance was observed. The first step in resolving these contr^ 
dictions is to investigate the validity of the assumptions. For this it is 
necessary to determine the dependence of the membrane conductance upon 
the direction and magnitude of the membrane current flow in the rest- 
ing axon. 

The polariting current could be applied suddenly for sub-rheobase cathode 
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and all anode polarizations, but the results of this procedure might be mis- 
leading when excitation and propagation take place at the cathode. Al- 
though the nature of the “depolarization” which occurs at the onset of 
activity is not known, it is often thought of as a breakdown or “relaxation” 
process. It would not be at all unreasonable, from analc^ with non- 
living systems, to expect that a polarizing current might be able to maintain 
a depolarization originally set up by excitation. Consequently, to avoid 
ambiguity, excitation should be avoided by increasing the polarizing cur- 
rent to its maximum value slowly. Then the terminal impedance change 
could be compared with that obtained after an excitation took place at the 
sudden make of the current to determine whether or not a depolarization 
could be maintained and whether or not the precaution of a slow rise was 
necessary. This question can also be answered, by gradually polarizing the 
nerve without excitation, and then allowing an impulse initiated at a dis- 
tance to pass through the polarized region. 

After the investigation of these steady effects of polarization, before and 
after activity, the next step is to trace the time course of the sub-thre^old 
changes at the start of polarization. If we assume that before excitation 
the membrane has reproducible and reversible electrical characteristics, it 
should be possible to determine them and so explain the sub-threshold ob- 
servations. The impedance changes at the site of excitation and during the 
passage of an impulse through a polarized region are of obvious importance 
in the quantitative description of the processes of excitation and propaga- 
tion in nerve. It may be expected, however, that an explanation of these 
impedance data will itself be a rather .complete theory of nerve activity. 

Material and Apparatus 

A description of the material and apparatus was given in the previous paper (Cole 
and Curtis, 1939) and only the modifications and extensions required in the present 
experiments will be given in detail. 

Axon, Measuring Cell, and Bridge . — ^The giant axon in the hindmost stellar nerve of 
the squid, LdUgo pealii, was dissected out and placed in the measuring cell. This cell 
was a strip of insulating material with a groove, AA (Fig. 1) 550 n square, just large 
enough to accommodate the axon, cut in the top and covered with a glass cover slip. 
Sea whter was circulated past the axon and the whole was usually kept at a temperature 
of about 4'*C. Two platinized platinum impedance electrodes 550 n square were 
mounted flush with the sides of the groove and facing each other. The transverse al- 
ternating current impedance of the axon was measured between these electrodes over a 
frequenqr range from 1 kc. to 500 kc. in a Wheatstone bridge (Cole and Curtis, 1937) 
with heterodyne, amplifier, and cathode ray oscillograph for detector. The measur- 
ing current through the cell was kept as low as possible without undue sacrifice of over- 
all sensitivity, and in all cases the bridge balance was independent of this current. 
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Polarizing Circuit . — ^The current, or polarizing, electrodes were spaced as far apart as 
possible along the length of the axon, to separate the anode and cathode regions of 
membrane current flow and allow individual investigation of each region. The maxi- 
mum membrane current density is to be found directly under an electrode and since it 
is approximately uniform only under a short electrode, the impedance should be meas- 
ured through one of the polarizing electrodes. The other impedance electrode could 
then be placed in the extrapolar region for a longitudinal measurement but this involves 
a second membrane or an inactive end, and, in addition, a rather clumsy theoretical 
analysis. It is simpler to use a transverse impedance measurement where one-half 
of the polarizing current enters at each impedance electrode, E, through a resistance, 
R, and the total current leaves the measuring cell at the third, distant, electrode as 
indicated in Fig. 1. The two resistances, were 10,000 ohms each and this value 



Fig. 1. Circuit for impedance measurements during current flow. Axon was placed 
in trough A A and transverse impedance measurements made between electrodes E E 
by the alternating current bridge connected at B and ground, G. The polarizing cur- 
rent from source P divided and flowed into this trough and axon through the two re- 
sistances R R and the electrodes E E. The current returned through the distant elec- 
trode at the left hand end of the trough. 

was suflEiciently large practically to eliminate differences of current flow in the two 
paths caused by asymmetries of the impedance electrodes, axon position, and membrane 
potential. Since a part of the bridge current flows through these two resistances in 
series, the sensitivity of the measurement of the axon impedance was decreased but this 
loss was not excessive. An approximately uniform current density under the electrodes 
was expected because the length of the electrodes, 0.55 mm., was considerably less than 
the “c^racteristic length” of about 3 mm. found for this axon (Cole and Hod^^in, 1939). 
It was found experimentally that a current flow from the impedance electrodes to two 
remote electrodes, one at each end of the cell, produced the same impedance change as 
was produced when this same current flowed to a single electrode at one end of the cell. 
Since this procedure was equivalent to a 50 per cent reduction of the effective electrode 
length, the polarizing current density in the membrane was essentially uniform in the 
region where the impedance measurements were made. • 

The magnitude of the polarizing current was made practically independent of the 
characteristics of the electrodes and of the nerve, by applying a sufficiently high potential 
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through a series resistance of 150,000 ohms to the terminals, P. The currents were 
varied up to a maximum of about 1 milliampere and were measured directly with a 
meter and also calculated from the resistances and potential. 

The current was controlled by the opening of three contacts operated from motor 
driven cams, and the osdllograph sweep circuit was controlled by a fourth contact. 
The complete cycle of this contactor was usually repeated at intervals of about 1 second. 
Sudden on and ofi currents were easily obtained, and use of a variable shunt condenser 
gave “exponentially blunted’’^ currents with a range of time constants up to 100 msec. 
With well platinized impedance electrodes, the effect of the maximum polarizing current 
on the measured impedance of the cell filled with sea water was less than 0.1 per cent. 

EXPERIMENTAL 

The first experiments were made with an e:q>onentially blunted polarizing 
current, followed by an equal and opposite current of the same duration 
and form, as shown in Fig. 2, to minimize the injury to the axon. For this 



Fig. 2. Schematic drawing of the exponentially blunted current flow. It, applied 
in the sequence; make, M, reverse, R, break, B, vs. time, T. 

the contactor applied the potential to the resistance and capacity polarizing 
circuit for about 200 msec, in the sequence on-reverse-off. The Wheat- 
stone bridge was first balanced at each frequency without the polarizing 
current and then a change of the axon impedance caused by current flow 
gave an output voltage from the bridge and a band on the oscillograph. 
Typical records are shown in Fig. 3 for 20 kc. and 125m amp. maximum 
current. Soon after the cathode make, m in Fig. 3 a, there was a short 
impedance decrease associated with the excitation. Then a slow decrease 
of the impedance followed, in both a and b of Fig. 3, as the current increased 
toward; ith maximum value. After r, where the reversal was started, the 
impedance first increased to return to the resting value and then increased 
still jleurther to again imbalance the bridge, but in the opposite direction, 
during the anode current flow. After b the anode current decreased to- 
wards zero and the impedance decreased corre^ndingly to leave the 

* This term is used in preference to “exponentially rising” to describe the time course 
fl^ven by 1 - er*^ and diown in the initial rise of Fig. 2. 
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bridge balanced finally. The bridge unbalances were found in the reverse 
order when the anode was applied first, as is seen in Fig. 3 c, and a double 
excitation took place at the reversal. The final magnitudes of the im- 
pedance changes at the cathode and anode are the same, whether the 
cathode (Fig. 3 a and b) or anode (Fig. 3 c) was applied first. Within the 
limit of sensitivity, for all frequencies and currents, the change of im- 
pedance at the cathode was a decrease from the resting value and that at 
the anode, an increase. For this axon, 125 /xamp. with a time constant of 
SO msec, gave excitation as shown in Fig. 3 </, and with an increase of the 
time constant to 80 msec, the same current was subthreshold (Fig. 3 h). 
It is apparent that the final impedance change was not appreciably altered 
by activity. As might then be expected, it was found that near rheobase, 
with suddenly applied polarizing current, the steady value of impedance 
change was independent of excitation, as seen in Fig. 4. In general, whether 
the current reached its maximum value very abruptly, or very slowly, the 
final change of impedance was the same. Also when a distantly initiated 
impulse was sent through the polarized region after the impedance change 
during current flow had become constant, the impedance would decrease 
during the passage of the impulse and then return to the previous level. 
We thus have evidence that the steady state effect of the polarizing currents 
employed is not altered by excitation. Consequently the use of exix)nential 
blunting to avoid excitation was unnecessary and sudden makes and breaks 
were subsequently used. 

.\fter the direct-reverse polarizations described, the impedance required 
several seconds to return completely to the resting value, irrespective of 
whether cathode or anode was applied first. l"his effect was entirely a result 
of the anode polarization and was not reduced by an ecjual^ cathode polariza- 
tion either before or after. Since reversal technique apparently did not 
materially improve the survival of the axons, it too was an unnecessary 
complication and was abandoned in favor of the simple on and off polariza- 
tions, as shown in f'ig. 4. 

Having found a change in the transverse impedance during polarization, 
the next step was to determine which component of the axon was resix)nsible 
for it. The procedure was the same as that used for the analysis of the im- 
pedance change during activity ((x)le and Curtis, 1939) with the advantage 
that we are here dealing with something more closely approximating a 
steady state. At each frequency, the bridge was balanced to give the 
resting parallel resistance, and capacity, Cp(Colc and Cole, 1936; 
Cole and Curtis, 1937). The polarizing current was then applied for in- 
tervals long enough to allow the impedance change to reach a steady value 
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Fu;. 3. Oscillograpii records of bridge unbalance at 20 kc. caused by make, w, 
reverse, and break, h, sequence in exponentially blunted current ilow of 125 /zamp. 
((/.) Cathode first, time constant 50 msec., showing excitation near beginning. (/>) 
Cathode first, time constant SO msec., sub-threshold, i^r) Anode first, time constant 
80 msec., showing double excitation at reversal. Expohcntial time scale indicated by 
50 cycle timing wave below. Impedanci* changes at cathodi , - 2 per cent; anode, +0.0 
per cent, d<*termined b\ calibration. 



Fk;. 4. Oscillograph records of bridge unbalance at 20 kc. caused by sudden make 
and break of cathode current tlow. (a) Sub-threshold response for current just below 
rheobase. (b) Threshold response for current just above rheobase. Initial maximum 
is propagated. 
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Fig S ( )scillograph records of bridge balance and unbalance at 20 kc. during current 
low o W ^amp. Cathode (<,) with bridge balanced at rest and (/.) balanced .luring 

r. St and (,/) balanced during current flow. 1 nipe.lanee incr.>ase, 1 .0.S per cent. 
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Fig. 6. Oscillograph records of bridge* unbalance at 20 kc. caused by cathode current 
flow. Currents in /zamp. are; (a) lO.S; (/>) 210; (c) 31.S; {d) 420 and (c) .S27. Transient 
impedance changes are caused by excitation under the impedance electrode > at the 
make, and by excitation propagated from the distant anode at Ihi- break. Calibra- 
tion (f) is a 7.7 per cent impedance decrease. Maximum bridge unbalance, during 
passage of a distantly initiated impulse without current flow (not shown) was ~4.3 
per cent. Timing wave, 100 cycles. 
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(Fig. 5 a and c). The bridge was then rebalanced for this steady value as 
shown in Fig. 5 b and d, to give new values of Rp and Cp. 

The bridge balance usually could not be found in less than four or five 
applications of the polarizing current, and with large currents this process 
might cause irreversible changes. After sufficient bridge data had been 
taken to establish the nature of the impedance change, its dependence on 
the ix)larizing current was more satisfactorily obtained from oscillograph 
records of the bridge unbalance during a single polarization and a calibra- 
tion as shown in Fig. 6. 


Calculations and Results 

The observed values of parallel capacity, Cp, are corrected for the polariza- 
tion capacity of the electrodes and static capacity of the measuring cell 
(Cole and Cole, 1936; Cole and Curtis, 1937). The equivalent series re- 
sistance, R,^ and reactance, are then calculated from the parallel re- 
sistance, i?p, and capacity, Cp, by the equations 

R. - Rp/iX + RpCico*), - /epCpto/d + 


where co = 2 tt times the frequency. 

The values of R^ and are then plotted as abscissae and ordinates to 
give the complex impedance locus (Cole, 1928, 1932). The loci shown in 
Fig. 7 arc for an unpolarized and a cathodically polarized axon. It will be 
seen that the membrane phase angle and the infinite fre(]uency resistance 
are unaltered by current flow. The impedance variation at a single fre- 
quency for a range of anode and cathode polarizing currents is shown in 
Fig. 8. These data indicate that the membrane capacity is practically 
unaltered and that the impedance change during polarization may be com- 
pletely explained by a change of membrane conductance (Cole and 
Curtis, 1938). 

The change of membrane conductance, AG, for a single value of polarizing 
current is computed from the extrapolated infinite frequency specific re- 
sistance, foe, and the extrapolated zero frequency specific resistances, ro, 
for the unpolarized axon, and ro for the polarized axon, by (equation 6, 
Cole^and Curtis, 1938) 


AG = 


1 ro — ro 
2 2 * 

« ''o ^0 


_ro 


where a is the radius of the axon, and n is the specific resistance of the 
medium. 

The data shown in Fig. 7 give AG = 0.03 ohm" * cm. “ for a cathode 



^6 
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Fig. 7. Transverse impedance locus, series resistance, R,, vs, series reactance, X^, 
for Mon at rest (•), and during cathode current flow of 125 /lamp. (O). Frequencies 
arc indicated in kilocycles. The light dotted lines represent the theoretical paths of 
the impedance at each frequency for a change of membrane conductance. 



Fig. 8. Transverse impedance locus, series resistance, R,, vs, series reactance, 
at 20 kc. during current flow. (O), Cathode currents up to 250 ^tamp., (•), anode 
currents up to 63 /xamp. The solid line is portion of the locus for frequency viiriation 
and resting axon. The dotted line is a portion of the theoretical locus for constant 
frequency and a variation of the membrane conductance. (X), maximum impedance 
change during passage of a distantly initiated impulse. 
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polarizing current of 125 /lamp. and three other axons give values for 
AG of 0.017, 0.026, and 0.033 ohm-^ cm.-® 



Fig. 9. Change of membrane conductance, AGt, vs. total current flow, /o, from two 
experiments on the same axon. 



Frot 10. Equivalent circuits for transverse impedance of axon, (a) Theoretical 
circuit neglecting membrane conductance, (b) Theoretical circuit with a variable mem- 
brane conductance depending upon current flow. 


The variation of AG with polaiudng current is usually obtained from 
data at a ^gle frequent^. The impedance for each value of the polar- 
izing current may be extrapolated to zero frequency and the conductance 
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change calculated as above, but the impedance change is usually suffi- 
ciently small to be proportional to the conductance change (Cole and 
Curtis, 1939). The impedance change is then computed by 

1^1- V(A«,)* 4- (AX,)* 

or from photographic records, and AG = -K\AZ\, where the factor of pro- 
portionality, Kf is obtained from one or two extrapolations. A curve 
of AG vs. /o (Fig. 9) shows values obtained by both methods and is typical 
of data on eleven axons. 


DISCUSSION 

To justify the interpretation of the observed impedance change on 
polarization as a change of membrane conductance, we proceed as tefore 
(Cole and Curtis, 1938). The circular path followed by the impedance of 
the resting fiber as the frequency is varied, seen in Fig. 7, and called the 
resting locus, is the characteristic result of many biological impedance 
measurements. On the assumption of a negligible membrane conductance 
we may calculate from theory (Cole and Curtis, 1936) the equivalent circuit 
shown in Fig. 10 a, where the condenser represents the capacity of the 
axon membrane. If the membrane capacity alone were to change, the 
impedance at each frequency would merely move along the resting locus; 
if the resistance of the axoplasm varied, only the infinite frequency extra- 
polation would be altered; and changing either the volume of the cell or the 
resistance of the sea water would vary both the infinite and zero frequency 
extrapolations. Since Figs. 7 and 8 do not allow any single one of these 
possibilities, we turn to a variation of the membrane conductance as indi- 
cated in Fig. 10 b. It has been shown (Cole and Curtis, 1935, 1939) that 
with a variation of this conductance alone, the impedance would follow a 
circular arc tangent to the resistance axis at the infinite frequency extra- 
polation. This is seen to be approximately true at each frequency in 
Fig. 7 and on an enlarged scale at 20 kc. in Fig. 8, it is found to represent 
the data to within the limits of experimental accuracy. We are thus 
entitled to conclude from these data that the impedance change during 
polarization may be interpreted as a change of the membrane conductance 
alone, and that there is an increase of the membrane conductance at the 
cathode and a decrease at the anode. When we assume that the membrane 
conductance is proportional to the ion permeability of the membrane, the 
results demonstrate an increase of permeability at the cathode and -a de- 
crease at the anode. 

It will be noticed in Fig. 8 that the point of maximum impedance change 
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during the passage of a distantly initiated impulse is close to the theoretical 
locus but does not lie on it. This is the type of departure found in the 
previous work (Cole and Curtis, 1939) and was believed then to be caused 
by the amplifier diaracteristics. This hypothesis has been supported, al- 
though not yet proven, by further work, and even if it is not valid, the 
difference between this aspect of cathode polarization and propagated 
activity is very slight. 

On the basis of the local circuit theory of excitation and propagation, 
at least a part of the membrane conductance increase during activity may 
be a result of membrane current flow, but in the previous discussions (Cole 
and Curtis, 1938, 1939) the implications of this possibility were avoided. 
Since a membrane conductance change is brought about by current flow 
and independently of excitation, it is now necessary to consider the method 
of measurement more carefully. As a result of a current flow, *, the po- 
tential difference across the membrane is altered in some way by an amount, 
V. When v = Ri the membrane obeys Ohm’s law and R is its resistance. 
The alternating-measuring current, and the direct-polarizing current, 
»<, were applied simultaneously in these experiments and the resxilting 
alteration of the potential difference across the membrane at any time 
depends upon tlie instantaneous sum of these two currents, so » = f{ii -h »„). 
If now the maximum value of the conduction component of the alternating 
current, *«, is small compared to the direct current, id, we have by Taylor’s 
expansion, approximately 

» “ + »o ■“ f(*d) + ~j : — '*« 


where the part of the potential difference caused by the polarizing current 
is Vd and by the measuring current is Va. Since we are considering only the 
conduction component of the measuring current we have 


Va 


df(.id) . 

~T", 

did 



r(fd)-ia 


where r is the “variational” resistance of the membrane as measured by a 
small alternating current. If now the membrane obeys Ohm’s law, v = ri, 
we haVb Vd = rid‘,Va — ria, and r is independent of the current. In graphical 
form, for Ohm’s law, we have a straight line relation between the current 
and voltage and the variational resistance, or the slope of the line, remains 
unchanged for all values of current. In the present case, r, or the slope, 
depends upon the current, i, and Ohm’s law certainly is not valid except as 
an approximation for the small variations of current which we have applied 
by the bridge. 
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Since we have now found that the membrane does not follow Ohm’s 
law, some specifications of its conductive properties must be given in place 
of the resistance. The most obvious possibility is the potential difference 
as a function of the current which is obtamed by the integration 

» ■■ /(♦) ■■ Ko a, 

for both anode and cathode. Our present data, however, only give changes 
of the membrane conductance such as Fig. 9 and it is necessary to have the 
resting conductance before the integration can be carried out. The value 
of 1000 ohm cm.> obtained by other measurements (Cole and Hodgkin, 
1939) could be used, but there is another difficulty. The polarizing mem- 
brane current density in the region between the impedance electrodes is also 
needed, and must be calculated from the total polarizing current. T his 
may be done easily on the basis of the simple cable theory, if a constant 
membrane resistance can be assumed, but the process is quite tedious for 
the present problem where this assumption cannot be made. Since these 
results •ftill be very dependent upon the value assumed for the resting con- 
ductance and the information may be obtained more directly from another 
type of experiment (Cole and Curtis, 1941), the calculations have not been 
carried out. However the general form of / (t), or the v vs. i curve, is quite 
apparent. At the origin its first derivative, or slope, is given by the resting 
resistance, and on the anode side this slope increases with increasing current 
imtil a large limiting slope is reached. On the cathode side, the slope 
continually decreases until a small limiting slope is obtained for large 
currents. Then for a potential applied across the membrane with the 
anode outside, the current flow will be less than for the same ^tential with 
the cathode outside. It is then perfectly obvious that the axon membrane 
not only acts as a rectifier but probably also as a rather efficient rectifier. 

Returning to the conductance change, it is seen that the maximiun 
increase under the cathode (Figs. 8 and 9) is of the same order of magnitude 
as that foimd during the passage of an impulse. This conclusion may be of 
considerable significance, but it should not be emphasized at the present 
time because the cathode polarization currents necessary to give the maxi- 
mum conductance change were used in only a few experiments. The maxi- 
mum decrease of conductance at the anode in Fig. 9 is about 0.005 ohm~* 
cm.-* and this is close to the average value found for foiu: axons. If the 
resting membrane resistance were 200 ohm cm.*, corresponding to a con- 
ductance of 0.005 ohm-* cm.-*, such a change would mean that the mem- 
brane becomes non-conducting under the anode and if the resting retistance 
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were greater than 200 ohm cm.^ and, consequently, the conductance less 
than 0.005 ohm~^ cm.~^, the resistance calculated during current flow 
would be negative. Since we are not prepared to deal with the latter 
concept, we should conclude that the resting resistance was less than 200 
ohm cm.*. This is, however, much lower than the values of 400 to 1100 
ohm cm.* obtained by longitudinal measurements (Cole and Hodgkin, 
1939), and no reason can be given for this discrepancy. The axons used 
for the transverse measurement were apparently in as good condition and 
survived at least as well as those used for the longitudinal measurements. 
The types of analysis used for the interpretation of the data are very dis- 
amilar in the two cases, but no fundamental errors of assumptions or 
derivation have as yet been uncovered. It is felt, at present, that this 
disagreement is probably not a serious matter and that the results may be 
taken to indicate a very low limiting conductance under the anode. 

On the basis of the present data, any discussion of the mech anisms of 
excitation and propagation is little more than speculation, but attention 
may be called to a few observations. One of these is the oscillation of the 
impedance change seen in Fig. 4 a, just below threshv)ld. This is a char- 
acteristic of the responses at the cathode, down to about half threshold, and 
is not found at any anode polarization. There is then the further observa- 
tion that the first maximum of this oscillation clearly becomes the all-or- 
nothing response at threshold (Fig. 4 b). 

The change of membrane conductance has been determined as a function 
of the current in the steady state, but we have no evidence at present to 
indicate that this relation between current flow and membrane conductance 
remains unaltered during excitation and recovery. However, let us assiune 
for the moment that with these data we may calculate the current flow 
through the rectifier element from the conductance change during the 
passage of an impulse. There is no change up to the point of inflection of 
the rising phase of the action potential. This corresponds to no current 
flow through the element and requires that the change of membrane po- 
tential difference occur elsewhere in the membrane. Such a condu^on 
seems reasonable and can probably be verified by a careful consideration 
of the conductance change after the application of a polarizing current. On 
the ot£er hand, the increased conductance after the point of inflection would 
require an outward current flow in the rectifler element during all of the 
time that the total membrane current flow is inward and this will involve 
more detailed assumptions. Indeed from the steady state characteristics 
one would say that the only current flow through this element during the 
entire action would be outward, which would correspond to a net transport 
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of posUive ions outward across i£Ue meiriOtane. This is in ttie proper direc- 
tion to recharge the membrane during the recovery phase and might lead 
us to conclude that the conductance increase is concerned primarily with 
recovery. Such a conclusion would agree with the observation that an 
axon nearly always failed to conduct soon after the impedance change 
during the passage of an impulse became too small to measure. However, 
these conclusions are not justified unless it can be shown that during ex- 
citation and recovery the dependence of the membrane conductance on 
current is the same as for a constant current flow. 


SUMMARY 

The change in the transverse impedance of the squid giant axon caused by 
direct current flow has been measured at frequencies from 1 kc. per second 
to 500 kc. per second. The impedance change is equivalent to an increase 
of membrane conductance at the cathode to a maximum value approxi- 
mately the same as that obtained during activity and a decrease at the 
anode to a minimum not far from zero. There is no evidence of appredable 
membrane capacity change in either case. It then follows that the mem- 
brane has the electrical characteristics of a rectifier. Interpreting Ae 
membrane conductance as a measure of ion permeability, this permeability 
is increased at the cathode and decreased at the anode. 
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INTRODUCTION 

At the time the experiments on the impedance change of the squid giant 
axon during current flow (Cole and Baker, 1941) were planned, it was realized 
that the measurement of the change of membrane potential during current 
flow was equally important. From the transverse impedance experiments 
it was possible to eliminate variations of the internal and external re- 
sistances, axon volume, and the membrane capacity and to express the 
change entirely as one of membrane conductance. An increase of membrane 
conductance could be determined satisfactorily from the measurements, 
but a decrease could only be approximated and the resting reference level 
was out of the question (Curtis and Cole, 1938). There was the further 
possibility that a critical change of membrane electromotive force without 
an appreciable change of conductance might go unnoticed. On the other 
hand, the change of membrane potential during current flow should give 
an independent measurement of the resting membrane resistant c and capac- 
ity as well as changes of potential. These measurements should be par- 
ticularly satisfactory for a decrease of membrane conductance, but they 
might not be so useful for an increase or for small changes of conductance. 
Although it is to be expected that the potential and impedance changes can 
be correlated ultimately, the membrane potential measurements are at the 
present timp more closely associated with the extensive external potential 
measurements which have been made on many other nerves. 

In the past, it has been possible to make potential measurements with 
external electrodes only, and it is an indirect and rather uncertain procedure 
to estimate the membrane potential from these (Cole and Curtis, 1939). 
With the introduction of Young’s giant axon preparation from the squid 
(Young, 1936) and the capillary electrode technique (Hodgkin and Huxley, 
1939; Curtis and Cole, 1940) it has become possible to make direct measure- 
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ments of the membrane potential. The present experiments were imder- 
taken primarily to investigate the relation between the steady state change 
of membrane potential and the membrane current and also to determine 
whether or not, with high cathode polarizations, the potential was the same 
before and after excitation (cf. Cole and Baker, 1941). It was also planned 
to analyze the transients at the make and break of the polarizing current 
as completely as possible. 


Material and Apparatus 

The giant axon from the hindmost stellar nerve of the Atlantic squid Loligo pealii 
was dissected out and teased free from small fibers. It was then placed in a transverse 
impedance cell consisting of a sheet of insulating material in the top of which was cut a 
trough about 500/ii square and just large enough to accommodate the axon. Square 
platinized lead impedance electrodes were set flush with the sides of the trough and 
opposite each other. A thin glass cover slip was placed over the top of the cell after 
the axon was in place. As before (Cole and Baker, 1941), the polarizing current was 
applied by the cam contactor to the two impedance electrodes in parallel and to a remote 
electrode at one end of the cell. Resistances of from 1.5-10* to 5-10® ohms in series 
with the battery maintained approximately constant current as shown in Fig. 1. 

At first the external potential was measured between one of the impedance electrodes 
and an electrode at the other end of the trough relative to the remote polarizing electrode. 
Although the alternating current impedance of a platinized electrode was only slightly 
affected by the current flow, the pK)larization i)otential of the electrode practically 
obscured the small potential change of the axon membrane. The capillary needle 
technique (Curtis and Cole, 1940) was then applied and the potential difference measured 
between an impedance electrode and the capillary of the needle whose tip was in the 
axoplasm midway between the two impedance electrodes. This also was unsuccessful 
because the electrode polarization practically obscured even this larger potential. An 
outside potential electrode was then constructed by imbedding a fine glass capillary 
in the top surface of the cell with its tip at the center of the grounded impedance elec- 
trode and flush with its surface. This capillary was filled with sea water and an electrode 
was fixed at the opposite end. Completely satisfactory potential measurements could 
now be made between the inside and outside needles with the polarizing current applied 
as before. When the polarizing current was applied to the cell filled with sea water, 
but without an axon, a potential was obtained under some conditions, having a maximum 
value about 10 per cent of that obtained with the axon. This effect was not investigated 
in detail, but corrections were made where it was measurable. The amplifier and 
cathpde ray oscillograph have been described (Cole and Curtis, 1939). 

experimental 

Records were first taken of the membrane potential as a fimction of time 
for a series of polarizing currents. The membrane potentials for anode 
and cathode polarizing currents of 9.7, 24, and 48 fiamp. are shown in Fig. 
2 a, b, and c respectively. At the lowest value of polarizing current, which 
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tiG. 1. Oscillograph records of cathode and anode current How and base line made 
on three successive sweeps. Exponential sweep, timing, 200 cycles. 
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Fig. 2. Oscillograph records of change of membrane polenlial during current flow 
with the resting potential as base line, made on three successive sweeps in each case. 

Anodes upward, and cathodes downward, an*, respectively, increases and decreases 
of the membrane potential. Total current flow' in /xamp., (ti) 0.7; (/>) 23.7 (below rht‘o- 
base); (c) 47.5 (above rheobase). Potential calibrations indicated are in millivolts. 
F2xt>onential sweep, timing, 5(K) cycles. 



Fig. 3. Oscillograph records of change of membrane potential (ordinates) vs. approxi- 
mate total current flow (abscissae), anode up and to right, cathode down and to left. 
Maximum values of current in /lamp. are (a) 17.5; (h) 47.5; (c) 95. Current steps are 
each 10 per cent of the maximum. Potential calibrations indicated are in millivolts. 

The dark st)Ots corresponding to each value of current indicate the steady state 
change of membrane potential caused by the current. J he excursions of the |>oten- 
tial change below these steady state values on the cathodal side in b) and c) are the 
action potentials initiated by the make of the larger current® 
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is about 0.4 rheobase, the difference between anode and cathode is seen 
both in the behavior of the potential at the start of the current and in the 
constant level of potential finally reached. Although the initial rate of 
rise of potential is approximately the same for both anode and cathode 
there is a distinct oscillation at the cathode which is not seen at the anode 
and the final value of potential at the cathode is somewhat lower than at 
the anode. When the current is increased to 24 /xamp. (Fig. 2 b) barely 
sub-rheobasic, the cathode oscillation has somewhat greater amplitude, 
the anode rise is considerably slower, and the discrepancy between che 
final potentials is larger. In going to 4S /xamp. (Fig. 2 c) nearly twice 
rheobase, the first maximum at the cathode has become the propagated 
impulse in the characteristic all-or-nothing manner. The establishment 
of the steady anode potential is even slower and the ratio of final potentials 
is still further increased. 

Since there are obviously a number of factors involved in the initial or 
transient behavior of the potential, attention was first centered on the 
steady state characteristics. It then became convenient to record as 
much of the information as possible on a single film, and this was done by 
removing the sweep circuit voltage from the horizonial deflecting plates 
of the oscillograph and replacing it by a i)otential, derived from the polar- 
izing circuit, and prop)ortional to the polarizing current. When the current 
was applied (Fig. 3) the oscillograph spot gave a sudden horizontal deflec- 
tion from the center point proportional to the current, and then moved 
vertically as the membrane potential developed as was seen in Fig. 2. 
At the cessation of the current, the spot returned suddenly to the vertical 
axis, and then descended to the center more slowly as the potential returned 
to its resting value. The polarizing current was applied at intervals of 
about 1 second and by changing the current during the off period of each 
interval the complete current-potential series of Fig. 3 a, b, or c, could be 
obtained in about 20 seconds. In Fig, 3 a, the maximum current of 17.5 
/xamp. was sub-rheobasic but the oscillations of potential at the cathode 
are apparent in the width of the spot at the higher currents. A decided 
departure from a linear relation between current and potential is quite 
evident. As we go to the maximum value of 47.5 /xamp. (Fig. 3 b) the 
rheoliase was exceeded and the five highest values of current gave rise to 
propagated impulses with the potential falling considerably below the steady 
value, and the curvature of the locus of the steady values is even more 
marked. For a maximum value of 95 /xamp. (Fig. 3 c) there arc eight 
points above threshold and the current-potential relations at the anode 
and cathode are very striking. The complete data on one axon after 
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correction and reduction to common potential and current scales have 
been plotted in Fig. 4. 



Fig. 4. Change of steady state membrane potential, Vm, vs. total current flow, /q. 
Composite curve showing data of five experiments on the same axon. Rheobase indi- 
cated by R. 


As the threshold for excitation rose and the fiber finally became inexdt- 
able, the polarizing current necessary for a given change of membrane 
potential increased, and the potentials under the anode and cathode became 
more and more nearly equal to each other. 

At the start of the eiqieriments on the impedance change during current 
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flow it was anticipated that a large polarizing current might maintain a 
depolarization after an excitation. No evidence for this was found and a 
similar conclusion is to be drawn from the present experiments. Experi- 
ments on the potential have been performed with sub-threshold exponen- 
tially rising currents which gave the same steady state characteristic as 
when excitation took place at a sudden make. In Fig. 3 b and c, it is 
apparent that the steady state points form a continuous smooth curve up 
to four times rheobase and from Fig. 4 there is no certain change of form 
as rheobase is passed. It was also found that after a steady membrane 
potential had been reached in the polarized region, either anodic or cathodic, 
the potential returned to this same value after a distantly initiated impulse 
had passed through the region. 


Cakidations 

The first parameter to be computed is the resting membrane resistance 
This may be obtained from the curves for the change of membrane potential 
Vm, vs. the polarizing current, /o, such as the one shown in Fig. 4. For 
sufficiently small polarizing currents, i.e. near the origin, these curves 
may be approximated by straight lines, and the slope, V m/U = Ri has the 
dimensions of a resistance. In this region of 1 or 2 microamperes, we 
are entitled to treat the membrane in the steady state as a resistance, u, 
for a unit length of axon, and the usual cable equation may be applied. 

When fi, ft are the resistances for a imit length outside and inside the 
axon membrane, and ii, it are the corresponding currents, it is found (Cole 
and Hodgkin, 1939, equation 11) that in the interpolar region (i.e. between 
the polarizing electrodes), at a distance x from the midpoint between the 
electrodes, the me mbrane potential difference is Vm = (riii — rj»*)X tanh 
(*/X), where X = y/ujifx r^. Then if * b large, this approaches 

Vm - (fih - r**0x. ( 1 ) 

By a similar procedure it is foimd that in an extrapolar region, i.e. out- 
side the polarizing electrodes, and at a considerable distance from the origin 
at the end of the axon, we have again 

M 

yir - -(ri*; -r,»;)X. (2) 

For a narrow electrode — about as wide as the diameter of the axon — the 
membrane potential imder it may be considered also as the interpolar 
and extrapolar membrane potential* Vm = V*m. On the interpolar side, 
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ii + H — /©and on the eztrapolar, -f = 0, while the inteipolar and ex- 
trapolar inside currents are obviously equal, f* = Then from (1) and 
( 2 ) 

^ “ 2^,+fO <3) 

So 


Vu 

h 


R 


2 


and 


4(fi + rt) ^ 

U i R* 


(4) 


As representative values we may take n = 1.9-10* ohm/cm., r* = 
1.8-10* ohm/cm. to compute u by equation (4), then for a membrane 


TABLE I 


R olixDi 

fA ohm cm. 

ohm cm.* 

500 

100 

14.4 

770 

240 

34. 

540 

120 

17. 

640 

170 

23.5 

840 

290 

40.5 

(375) 

(57) 

(8.1) 

660 

180 

25. 



23. Average 


area per xmit length of 0.14 cm.Vcm. we obtain the membrane resis- 
tance, Ri, for a square centimeter. These values are given in Table I 
from the available data. The values in parentheses are for an inezdtable 
a»)n which was excluded from the average. 

When the polarizing current exceeds more than a few per cent of the 
rheobase, it is no longer permissible to consider the membrane conductance 
as a resistance, u. Since as yet there is no evidence that the external and 
internal media may not be considered as resistances, fi and fa, we may use 
the cable equation (Cole and Curtis, 1938, equation 10) in the form 


fiVM 




where In, the membrane current density, is now to be determined as a 
function of Fjr. At a sufficient distance from the electrode in the eztra- 
polar region there is neither an appreciable polarizing current flow across 
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Fig. 5. Change of steady state membrane potential, Vm, vs. membrane current den- 
sity, lut AS calculated from data of Fig. 4 by equation (6). Rheobase indicated by R. 

the mei9.brane nor a potential difference caused by it. As we approach a 
point at a distance x from the electrode, we have at each point, 

- (n + ri)»I(») 


and 
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then 

Then at the electrode, by equation (3) 


1 r 

‘ 2(f, +r,)^* 

and we find from equation (5) that 

I T ^ 


( 5 ) 


( 6 ) 


When dIo/dVtt is independent of /o this reduces to the previous case, equa- 
tion (4). We have It and may determine dItIdVtt from Fig. 4 for each 
value of Fjf. The membrane current densities, / m, then found by equation 
(6) and the membrane potential, Vm, have been plotted in Fig. 5. 

The “variational” conductance, Gt = dluldVu may now be taken directly 
from Fig. 5. This has been plotted against the total polarizing current, 
/o, in Fig. 6 for comparison with similar data from the impedance change 
during current flow (Cole and Baker, 1941, Fig. 9). 


DISCUSSION 

Although the impaled axons often survived for several hours at room 
temperature and without circulating sea water, and the data could be 
taken with considerable rapidity, the reproducibility of the measurements 
shown in Fig. 4 was both surprising and gratifying. 

The wide discrepancy between the present average value of 23 ohm 
cm.‘ for the resting membrane resistance and the average' valiis of 700 
ohm cm.* found by Cole and Hodgkin (1939) calls for some comment. 
There are many possible factors because the two experiments have little 
in common except that they are both direct current measurements on the 
squid axon. The first factor, which at the present time seems to be the 
most important, is the physiological condition of the axon. For the longi- 
tudinal resistance experiment the axon had to have a high membrane re- 
sistance, — otherwise the characteristic length would be so short that 
measurements could not be made with sufficient accuracy. It was also 
found that the high resistance correlated rather well with good phy^ological 
condition and survival. In the transverse impedance work, it was found 
that the impedance change during activity was also a rather sensitive index 
of the condition of the axon, more so than the action potential, for example. 
Consequently we might expect that a high membrane resistance would be 
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associated with a large impedance change during activity and vice versa. 
On this basis we should not be surprised at the low membrane resistance 
now found, because as has been pointed out (Curtis and Cole, 1940) the 
impedance change during activity was considerably lower immediately 
after impalement than it had been before. Furthermore, the most complete 
data, such as in Figs. 3 and 4, were obtained on axons for which the action 
p>otcntial had the average value of 50 mv. found by Curtis and Cole (1940). 
This was considerably below the maximum potentials obtained on axons in 
better condition. From this point of view, it seems possible that both sets 
of measurements may be essentially correct, and that they represent the 
membrane resistances of axons in different physiological conditions. 

The other principal factor to be considered is the calculation of the results. 
In the longitudinal measurements with infinite electrodes the theory is 
relatively straight forward and represents the e3q)erimental conditions quite 
well, and furthermore, sufficient data could be taken to furnish a rather 
satisfactory check on the form of the theoretical expression. In the present 
case, however, the geometry is much more complicated and an exact solu- 
tion is out of the question. The only simple approximations are those of 
a small axon diameter and a negligible electrode length at the point where 
measurements were made. An electrode length of 0.5 mm. is not negligible, 
but it is, after all, approximately the axon diameter. One approximation 
is then as good or as bad as the other and each will have to stand until both 
can be improved upon. This state of affairs is even more unfortunate 
because no reasonable experiments have been found which can either prove 
or disprove the validity of the equations used for calculation. Another 
difficulty is that direct measurements of the internal and external 
resistances, ri and fj, could not be made, and the estimates used in the 
calculations may not be particularly good. As will be seen in equation 
(4), relatively small errors of n have a large effect on the calculated mem- 
brane resistance, f 4 . 

The transverse impedance during current flow gave the change of mem- 
brane conductance with the total polarizing current (Cole and Baker, 
1941, Fig. 8). This may be compared with the variational membrane 
conductance as a function of the total polarizing current obtained in the 
present experiments (Fig. 6). These two curves should be the same, except 
that a resting membrane conductance may be obtained from the present 
data, and an obvious similarity between them is found. Each approaches 
a constant value of conductance at both high anode and high cathode 
polarizations, and in each the change of this asymptotic value from that at 
rest is about ten times as large at the cathode as at the anode. The absolute 
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values of the conductances and of the polarizing currents are, however, 
considerably different. Although the two sets of measurements were not 
made on the same axon nor in the same measuring cell, these two measuring 
cells were so nearly identical that no serious difference in the flow of the 
polarizing current would be expected. An appraisal of the analysis used 
for the interpretation of the data in each experiment is again a difficult 



Fig. 6. membrane conductance under electrode, Gi, vs. total current 

flow, /o. 

ta A As we have seen, there are a number of unsatisfactory aspects to the 
potential measurements, and the results of the impedance experiments also 
involve a number of compromises between theory and experiment which 
are not easily evaluated. Consequently, until the discrepancies in the 
magnitudes of the membrane conductance and polarizing current can be 
definitely ascribed to the measurements or their analysis, it is not reasonable 
to assume that all the differences were actually in the axons. Yet, as has 
been pointed out above, the most probable single factor is the pimcturc of 
the axon and its rather immediate consequences. In view of this, it may 
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be more appropriate at the present time to overlook the differences and 
consider the common characteristics of the data and analyses of the two 
types of experiments as good evidence in support of each. 

The performance of rectifiers has been expressed in various forms de- 
pending upon the use to which the information was to be put, but the 
most convenient specification of the rectification characteristics of the 
membrane is from either the variational resistances or the conductances 
at rest and at the maximum and min i mum values. It is found (Fig. 6) 
that at the cathode the conductance is about thirteen times that at rest, 
while at the anode it is about one-eighth the conductance at rest. Thus 
the ratio of the maximum conductances in the two directions is greater 
than one hundred to one and this is representative of the other data ob- 
tained. 

It should be possible to calculate the membrane capacity from the initial 
rate of rise of the potential in Fig. 2 but before this could be done it was 
necessary to consider the amplifier characteristics. The combination of 
the needle electrode reristance and the input capacity of the aniplifi«»r was 
foimd subsequently to be the controlling factor which preclud^ the use 
of these data. The oscillations which appear farther along in the initial 
transient of the membrane potential under the cathode are particularly 
interesting. They agree in a general way with those found in the impedance 
change under similar conditions, for the frequency and amplitude are similar 
and the propagated all-or-none response again appears at the first maxi- 
mum. Although a detailed analysis would probably be misleading because 
of the apparatus limitations, the oscillatory response se«ns quite certain, 
and its appearance in both types of measurement emphasizes their common 
basis. 


SUMMARY 

The squid giant axon was placed in a shallow narrow trough and current 
was sent in at two electrodes in opposite sides of the trough and out at a 
third electrode several centimeters away. The potential difference across 
the membrane was measured between an inside fine capillary electrode with 
its tip in the axoplasm between the pair of polarizing electrodes, and an 
outsi^.c^illary electrode with its tip flush with the surface of one polarizing 
electrode. 

The initial transient was roughly e^wnential at the anode make and 
damped oscillatory at the sub-threshold cathode make with the action 
potential arising from the first maximum when threriiold was reached. 

The constant change of membrane potential, after the initial tranrient, 
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was measured as a function of the total polarizing current and from these 
data the membrane potential is obtained as a function of the membrane 
current density. The absolute value of the resting membrane resistance 
approached at low polarizing currents is about 23 ohm cm.*. This low 
value is considered to be a result of the puncture of the axon. The mem- 
brane was found to be an excellent rectifier with a ratio of about one 
hundred between the high resistance at the anode and the low resistance at 
the cathode for the current range investigated. 

On the assumption that the membrane conductance is a measure of its 
ion permeability, these experiments show an increase of ion permeability 
under a cathode and a decrease under an anode. 
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I 

INTRODUCTION 

Until 1870 it was assumed that chlorophyll extracted from the leaf by 
alcohol, acetone, or similar solvents, was the same as the green pigment in 
the leaf. In that year, Hagenbach found that the red absorption band of 
the leaf was 10 to 20 m/i further towards the red end of the spectrum than 
the corresponding band in the extracts. He later (1874) noted that the 
maximum of the weak leaf fluorescence was displaced in the same way with 
respect to the strong fluorescence of chlorophyll in solution. These ob- 
servations have been repeatedly confirmed (e.g., Hubert, 1935; Dh6r6, 1937), 
and additional differences between the leaf pigment and chlorophyll solu- 
tions have since been observed, particularly with regard to solubility and 
photostability. 

Among the many suggestions that have been offered to explain these differ- 
ences are that the leaf pigment is dispersed in (Tschirch, 1883) or combined 
with lipoid (Palladin, 1910); that the pigment is colloidally dispersed 
(Herlitzka, 1912) and possibly adsorbed as a monomolecular layer on pro- 
tein (Willstatter and Stoll, 1913; Noack, 1927). 

In recent years, under the influence of the progress in the study of the 
respiratory proteins and enzymes, there has been a steadily growing notion 
that leaf chlorophyll is combined with protein (Lubimenko, 1927 ; Osborne, 
1928; Mestre, 1930; Hubert, 1935; Stoll, 1936; Smith, 1938). Nevertheless, 
only little evidence has been forthcoming to prove this viewpoint. It is 
our intention to show that the properties of the green leaf pigment are best 
explained in terms of a true stoichiometric ccunbination of chlorophyll with 

* Short notes on this work have already appeared (Smith, 1938; 1940). 

•♦John Simon Guggenheim Memorial Fellow (1938-1940). 
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protein, and to describe some of the properties of this compound.^ The 
studies of French (1938, 1940) have demonstrated that the chlorophyll 
of photosynthetic bacteria is also bound to protein, showing that this 
linkage is general in nature. 


n 

Most of the observations were made with a simple direct extract of the leaves of 
spinach (Spinacia oleracia). Leaves were separated from stems, washed thoroughly, 
and then ground mechanically in a porcelain mortar with sand and a neutral or slightly 
alkaline buffer solution. The sand and cell debris were removed by centrifuging at low 
speeds. Opaque dark green preparations were obtained which show the dull red fluores- 
cence characteristic of the leaf. 

Both Osborne and Wakeman (1920), and Noack noted that such crude leaf extracts 
from spinach show extremely fine particles or globules under the microscope, so that 
what was actually studied was a suspension of the chloroplast material. The suspended 
chloroplast material can be separated in a variety of ways. It is sedimented by centri- 
fuging at moderate speeds (3000*4000 r.p.m.), only a yellow or brown supernatant fluid 
remaining. It can also be separated by filtration through a thick layer of paper pulp or 
a Seitz bacterial filter, or by filtering through kieselguhr or Cclitc. All these separations 
indicate that the chloroplast material is not in a molccularly dispersed solution. The 
insolubility of the chlorophyll-protein complex appears to be due to the hydrophobic 
character of the chlorophyll, and the other lipoids associated with it in the chloroplast. 
This is indicated by the work of Menkc (1938), who found that 37 per cent of the dry 
weight of the chloroplast (including the chlorophyll) is soluble in alcohol and ether. 

Some extracts were made from the leaves of Aspidistra Inrida because it was reported 
by Lubimenko that this species gives aqueous extracts which are completely water-clear 
and that the green pigment is in true aqueous solution. We have been unable to confirm 
this observation While the Aspidistra extracts appeared somewhat clearer than those 
from the spinach leaf, the extracts were always strongly opalescent. For purposes of 
comparison, most of the observations in this paper were made with the leaves of both 
species. Unles-s specific differences are indicated, observations may be taken to apply to 
both species. 


m 

Colloidal Chlorophyll 

The characterization of the leaf pigment has depended in large part on 
the position of its absorption bands. Considerable controversy has at- 
tended efforts to explain the position of the red absorption band of the leaf 
on the basis of Kxmdt^s rule. Mestre has summarized the evidence which 

^ At the moment it seems preferable to leave open the question of a name for this 
compound. It has been pointed out to us that the term ''phyllochlorin” suggested by 
Mestre which we used in an earlier paper applies to a specific chemical derivative of 
chlorophyll. Other names which have been suggested are ‘^chlorophylle naturelle’* 
(Lubimenko), ^'chloroplastin” (Stoll), and “photosynthin” (French). 
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effectively disposes of this suggestion. However, many insoluble pigments 
show a shift in their band positions depending on the degree of dispersion. 
A striking example in a naturally occurring pigment is turacin, the copper- 
porphyrin compound of turaco feathers (Keilin, 1926). In order to show 
that such factors were not concerned, a comparison was made between the 
leaf pigment and colloidal chlorophyll in various states of dispersion. The 
spectral observations were confined to the region between 520 and 700 m/i 
since the absorption of other leaf pigments can be neglected in this region. 

Herlitzka and later WillstStter and Stoll believed that the leaf pigment 
was colloidal chlorophyll, mainly on the basis of the similarity in position 
of the main red absorption band. Ivanovski (1907, 1913) opposed this 
view on the ground that not only were the band positions slightly different, 
but that the relative intensities of the various bands were different. Hubert 
found recently that the main red band of the leaf was at 680-681 m/t while 
that of colloidal chlorophyll was always further towards the blue but de- 
pended on the state of aggregation. 

Colloidal chlorophyll was prepared by rapidly diluting crude acetone 
extracts of the leaf with a slightly alkaline phosphate buffer in order to 
prevent phaeophytin formation. The colloidal chlorophyll was dialyzed in 
cellophane membranes in the refrigerator against phosphate buffer in order 
to remove the acetone completely. The maximum absorption was always 
found in the region between 671 and 673 mju as measured with a Hilger- 
Nutting spectrophotometer. The maximum absorption of aqueous leaf 
extracts was consistently at 677-678 m/a. Attempts were made to duplicate 
the appearance of the leaf pigment by preparing colloidal chlorophyll in 
the presence of proteins such as gelatin and horse serum. In every instance 
the red absorption maximum was the same as in the 'ordinary colloidal 
chlorophyll preparations. 

Preparations of colloidal chlorophyll can be clarified, removing the charac- 
teristic bluish opalescence by adding a detergent such as digitonin or bile 
salts. The band position was then found to shift to 674-675 m/x. The 
shift towards the red can be explained by the removal of the light scattering, 
since the amount of scattering is proportional to the reciprocal of the fourth 
power of the wave length according to the Raleigh equation. 

Differences in the positions of the absorption band in the red are always 
apparent; for colloidal chlorophyll the band is at 671-673, for the aqueous 
leaf extract at 677-678, and for the leaf itself at 681 m/u (Hubert). Ivanov- 
ski’s observations are confirmed not only on this point, but also on the fact 
that the relative intensities of the absorption bands are different; the minor 
absorption bands circa 540 and 580 m/u like those 6f chlorophyll in organic 
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solvents are always much more prominent in colloidal chlorophyll than in the 
leaf or its aqueous extracts. This is likewise true for the main red bands of 
chlorophylls a and the separate b band is more prominent in colloidal 
chlorophyll or in organic solvents than it is in the leaf. These differences 
are very striking when spectra of the different preparations are observed side 
by side with a low dispersion spectroscope. 

No fluorescence was observed with colloidal chlorophyll preparations 
confirming the older observations of Noack. Meyer (1939) has claimed 
that preparations of colloidal chlorophyll do fluoresce. We have made 
similar observations when relatively large amounts of alcohol or acetone 
were present; after removal of the organic solvent by dialysis, no fluores- 
cence could be observed. 


IV 

Some Properties of the Leaf Pigment 

As yet no specific catalytic property of the chlorophyll -protein has been 
observed. In order to characterize the material, it has been studied under 
various conditions. 

Absorption Spectrum, The absorption spectrum of an aqueous extract 
of spinach is given in Fig. 1 ; the data are presented in Table I. The meas- 
urements were made with the photoelec tric spectrophotometer of Shlaer 
(1938). Absolute extinction values cannot be given for the unpurified 
extract because of the presence of various yellow substances (blue-absorb- 
ing), and because of the light-scattering produced by the suspended particles. 
This latter eflcct is clearly shown by the apparent absorption between 700 
and 750 m/x. With an Aspidistra extract of comparable concentration 
(same extinction at 077 m/x) there is nearly the same amount of scattering 
in this region indicating a similar state of dispersion for the Aspidistra and 
spinach proteins. 

The maximum absorption at the red end of the spectrum has always been 
found at 677 to 678 m/x. Secondary bands are at 625 and 590, with a 
definite inflection at 650 m/x. The minimum absorption is at 560 m/x. 
The absorption bands in the short wave region are at 470 and 437. These 
latter J)ands are the resultant not only of chlorophylls a and b but of the 
carotenoids as well. With Aspidistra extracts it is frequently possible, 
using a low dispersion microspectroscope, to separate two absorption bands, 
one at 470 and the other at 485-490. 

Various substances have been tested for possible effect on the absorption 
spectrum of leaf extracts either because of their influence on photos)mthesis 
or because they combine with some chromoproteins which are involved in 
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Fig. 1. Absorption spectrum of an aqueous extract from the spinach leaf. The data 
are given in Table I. 


TABLE I 

Absorption Spectrum of Leaf Extract 


Data for an aqueous extract of spinach leaves buffered at pH 7.0 with 0.1 M phosphate buffer. 


X 

Density 

X 

Density 

X 

Density 

mu 


mu 


mil 


750 

0.0914 

660 

0.5224 

530 

0.2628 

740 

0.0958 

650 

0.4282 

520 

0.3132 

730 

0.1022 

640 

0.3382 

510 

0.4172 

720 

0.1116 

6.10 

0.3014 

500 

0.5878 

710 

0.1296 

625 

0.3026 

490 

0.7816 

700 

0.1774 

620 

0.3002 

480 


695 

0.2358 

615 

0.2908 

475 

0.9024 

690 

0.3602 

610 

0.2800 

470 

0.9176 

685 

0.5954 

600 

0.2672 

465 

0.9216 

680 

0.8454 

590 

0.2622 

460 

0.9376 

678 

0.8780 

580 

0.2516 

450 

1.0928 

677 

0.8860 

570 

0.2362 

440 

1.3928 

676 

0.8820 

560 

0.2246 

435 

1.4312 

675 


555 

0.2260 

430 

1.3848 

670 


550 

0.2304 

420 

*1.3184 

665 


540 

0.2428 
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tissue respiration. The tests were made by evacuating a control solution 
in a Thunberg tube and comparing it side by side with the test sample under 
the microspectroscope. Among the substances which have Ijeen tested are: 
oxygen, carbon dioxide, carbon monoxide, cyanide, hydroxyl amine, sodium 
azide, hydrogen sulfide, urethane, and mild oxidizing and reducing agents. 
None of these was found to produce any observable change in the absorp- 
tion spectrum. The inertness of the chlorophyll-protein compound with 
respect to these reagents is in contrast to the well known behavior of such 
iron-porphyrin protein compounds as hemoglobin and catalase. 

In contrast to the photolability of chlorophyll in organic solvents, the 
absorption spectrum of the pigment in the aqueous extracts was found to 
be stable to high light intensities for long periods. A solution kept at 
2(f C. was subjected to an intensity of about 200,000 meter candles for 1 
hour without measurable effect on the absorption spectrum. 

Effect of Organic Solvents. - As mentioned above, the leaf spectrum and 
chlorophyll dissolved in organic solvents show differences not only in the 
position but also in the relative intensities of the absorption bands. With 
an aqueous leaf extract at 20® C., the presence of low concentrations of 
acetone (10 per cent) docs not produce any visible effect. At higher acetone 
concentrations (20-25 per cent), definite changes take place in the spectrum; 
the minor bands become more prominent and the main red band shifts 
slightly towards the bliuv With 30 per cent acetone, the protein begins to 
precipitate and is complete at about 50 per cent acetone but with some color 
remaining in solution. At higher acetone concentrations the chlorophyll is 
rapidly extracted from the protein. The effect of the different acetone 
concentrations is influenced by the pH of the solution, higher concentrations 
being necessary to produce the same effect for alkaline solutions (pH 8.5 
to 9) as compared with neutral ones. Higher temperatures increase the 
ease of chlorophyll extraction. Ethyl alcohol does not sensibly differ from 
acetone in its effect. 

It is well known that ether will not extract chlorophyll from the leaf and 
that is equally true for the aqueous leaf extract. However, when the aque- 
ous preparation is vigorously shaken with ether, the preparation is readily 
emulsified and the spectrum becomes that of free molecular chlorophyll 
in ether. The fluorescence is also very much brighter. Ether will extract 
chlorophyll quite readily from dried chloroplast preparations. The failure 
of ether to dissolve chlorophyll from the leaf or aqueous extracts can be 
explained by the low solubility of ether in water, just as with moderate 
acetone concentrations (35 per cent) the spectrum is changed but the chloro- 
phyll not extracted. 

Effect of Temperature . — Sorby discovered in 1872 that heating a leaf causes 
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a shift in the position of the main absorption band in the red. Willstatter 
and Stoll later showed that the spectrum of the boiled leaf is similar to that 
of chlorophyll in phytol or lecithin. Noack found that heating a leaf causes 
the fluorescence first to disappear and on more prolonged heating to reap- 
pear. He ascribed the disappearance of the fluorescence to the denatura- 
tion of the protein and its subsequent reappearance to the solution of the 
chlorophyll in some waxy component of the leaf. Mestre found the change 
in the leaf spectrum to be a function of both time and temperature very 
similar to those for ordinary protein denaturations. 

Heating an aqueous extract of the leaf produces changes in spectrum and 
fluorescence identical with those directly observed on the leaf. A green 
protein coagulum is gradually formed on heating a neutral solution above 
60° C., with the fluorescence becoming weaker. When the coagulum is 
evaporated to dryness, the spectrum is identical with that given by Will- 
statter and Stoll for chlorophyll in phytol; the fluorescence is much more 
intense than for an unheated control. 

Aside from the fact that these heating experiments strongly indicate 
the linkage of chlorophyll to protein, they also provide excellent criteria 
for determining the native state of the pigment complex. As in experi- 
ments with the chlorophyll solvents, the changes which take place are clearly 
reflected in the character of the spectra and fluorescence. 

Effect of Alkali , — At pH 9.0 the leaf extract is quite stable and shows no 
change in its solubility, precipitation properties, or spectrum. In m/10 
NaOH, the band at 678 m/z slowly becomes weaker and a new band at 640 
m/i appears; this corresponds to the saponification of the esterified groups 
which occurs in strongly alkaline solutions with molecular chlorophyll. 
At the same time, the band at 475 m/x shifts towards the shor^r wavelengths, 
making more prominent the carotenoid band at 485-490 m/x. The rate of 
saponification seems to be a direct function of the hydroxyl ion concentra- 
tion. In m/10 NaOH the effect can be detected only after some hours, 
while with 5 m alkali the reaction is complete in a few minutes. In m/10 
alkali, the protein is gradually precipitated. With very strong alkali 
(5 m), a precipitate of denatured protein forms immediately. Protein 
denaturation and the change in spectrum appear to be roughly parallel. 

Effect of Acid , — Addition of dilute acetic acid causes the complete pre- 
cipitation of the protein at a pH between 4.5 and 5.0, with no apparent 
change in the spectrum. Further addition of acid to pH 2 gradually changes 
the green color to a yellowish green and finally a yellow to brown*. The 
spectrum is that of phaeophytin; the main red band is much weaker, and 
strong bands appear at 540 and 610 m/x. 

The protein precipitated at pH 4.5 is no longer resuspended by neutraliza- 
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tion; much larger quantities of alkali are required and the protein is sus- 
pended only at a pH above 9.0. The precipitation at 4.5 and resuspension 
at pH 9.0 may be repeated indefinitely and seems to be a useful method of 
separating the chloroplast material from the cytoplasmic proteins which 
do not precipitate {cf, Menke, 1938) . However, the properties of the chloro- 
plast protein aside from its spectrum are definitely changed by this pro- 
cedure: (1) as already mentioned, it does not resuspend at pH 7.0 but only 
at much higher pH’s; (2) it is readily precipitated by 10 per cent saturation 
with ammonium sulfate and cannot be resuspended; the original extract 
requires about 30 per cent saturation for precipitation; (3) boiling the extract 
for several minutes does not cause any precipitation unless it is brought to 
an acid pH; it may then be resuspended by adding alkali to bring the solu- 
tion again to pH 9.0. A control sample at pH 7 not previously treated 
with acid will form a heavy coagulum by heating to boiling and will not 
resuspend regardless of the pH. 

These changes brought about by treatment with dilute acid are those 
usually ascribed to protein denaturation. The chloroplast protein is much 
more sensitive to weakly acid solutions than most proteins. 

Effect of Drying. Leaf extracts were dried by suspending them in cello- 
phane dialyzing tubing in front of an electric fan. In this way, a large 
volume of extract may he handled, and the extracts kept cool during the 
entire evaporation proc ess. Small samples of extracts slowly dried in vacuo 
over sulfuric acid gave similar results. 

The dried chloroplast material could not be redissolved or suspended in 
water or neutral buffer solutions, but could be partially suspended in borate 
buffer at pH 9,0 or with dilute alkali. In these alkaline solvents, the pro- 
tein appeared to be modified in the same way as with the acid-precipitated 
material; e.g., the protein could be precipitated by 10 per cent saturation 
with ammonium sulfate. 

Both the chlorophylls and carotenoids are rapidly extracted from the 
dried material by acetone, alcohol, and ether. Petroleum ether and carbon 
disulfide extract most of the carotenoids readily and only little chlorophyll 
even after several hours. 

Efecl of Detergents, Because of the insolubility of the chlorophyll- 
protefln complex, the effect of adding various dispersing agents which clarify 
leaf extracts has been studied. Preparations of the chloroplast material 
in the detergent were prepared in two different ways. The most direct 
method was to add the detergent solution directly to the leaf extract. The 
other method was to add to the leaf extract about 5 per cent Filter-Cel and 
then filter through a thin layer of Filter-Cel on a Buchner funnel. The 
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yellow-brown filtrate is discarded, and the filter-cake then washed with 
water or neutral buffer solution until the filtrates show no yellow color. 
In this way, all of the water-soluble material extracted from the leaf may 
be removed. The filter-cake is then extracted with the detergent solution 
and filtered. 

Extraction with a 1 to 5 per cent digitonin* solution after filtration 3 delds 
a clear dark green solution which shows no trace of particles under an oil 



Fig. 2. The absorption spectrum of an extract from the spinach leaf prepared in 2 
per cent digitonin and diluted 1 to 10 with distilled water. The data arc given 
in Table II. 

immersion lens. The absorption spectrum of a diluted solution is shown 
in Fig. 2 and the data are given in Table II. When this curve is compared 
with that of a direct aqueous leaf extract (Fig. 1), several differences are 
apparent. The absorption drops very rapidly on the long wave side of 
700 m/t; it has already been pointed out that the apparent absorption in 
this region shown by an aqueous extract is due to light scattering. The 
removal of scattering is probably also responsible for the decrease in the 

’The digitonin was obtained from Eimer and Amend, New York, as qystalline 
digitalin. This digitonin was dissolved by heating to a gentle boil when the solution 
becomes water clear. On cooling, the solution will remain clear for some weeks at room 
temperature. Over longer periods, some precipitation occurs. 
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relative height of the middle region of the spectrum. In addition, the 
pigment in digitonin shows a shift of the main red band from 677-678 m/ji 
to 675 mix, and of the minimum region of absorption from 560 m/u to 550 mix. 
The sharper character of the band at 470 mix in the digitonin solution is 
undoubtedly due to the removal of the yellowish impurities. 

Solutions clarified by the addition of digitonin show a somewhat increased 
fluorescence when compared visually with a direct leaf extract. It is likely 
that the apparent increase in fluorescence may be due to the decrease in 
light scattering caused by the presence of the detergent. 

TABLE n 


Absorption Spectrum of Spinach Leaf Extract in Digitonin 
Data of Fig. 2. Extract prepared in 2 per cent digitonin and diluted 1 to 10 with distilled 
water. 


X 

Deiuity 

X 

Density 

X 

Density 

MU 


mu 


Mil 


720 

0.0254 

610 

0.1794 

480 

0.5930 

710 

0.0346 


0.1602 

475 

0.6414 

700 

0.0678 

590 

0.1506 

470 

0.6694 

690 

0.2218 

580 

0.1374 

465 

mmm 

680 

0.6658 

570 

0.1182 

460 


675 

0.7370 

560 

0.0998 

455 

WSmM 

673 

0.7346 

550 

0.0974 

450 

■ 1^1 

670 

0.7086 

540 

0.1018 

440 


665 

0.5914 


0.1090 

435 

1.1754 

660 

0.4654 


0.1350 

430 

1.1202 

650 

0.3518 


0.2054 

420 

1.0090 

640 

0.2590 

500 

)0.3356 

415 

0.9522 

630 

620 

0.2090 

0.2034 

490 

0.4854 

410 

0.9046 


The precipitation properties of the chloroplast protein are distinctly 
modified by the presence of the digitonin. Even saturation with ammonium 
sulfate is quite ineffective. Most of the digitonin can be removed by ultra- 
filtration through a 3 per cent Bechold collodion membrane without loss 
of pigment, but prolonged dial}rsis is necessary for complete removal of the 
detergent. The absence of the digitonin in the dialysate can be readily 
tested by shaking vigorously since all of the detergents produce a persistent 
foaming. After dialysis, the pigment is readily precipitated by a tenth 
saturation with ammonium sulfate, and can be redissolved in digitonin 
solution. The pigment can also be precipitated by acidification to pH 4.5 
and redissolved by bxifier solution at pH 9.0. This process can be repeated 
indefinitely. < In this respect, the properties of the pigment are similar to 
those produced by direct add predpitation. 
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Bile salts (a purified mixture of sodium glycocholate and taurocholate) 
and sodium desoxycholate have also been used for dispersing the chloro- 
plast pigment. The properties of the pigment in these detergents closely 
resemble those in digitonin solutions. For equivalent concentrations, the 
desoxycholate is somewhat more effective than either bile salts or digitonin. 
However, desoxycholate has the disadvantage of being insoluble at acid 
pH’s and it tends to precipitate or gel even at slightly alkaline ones. 

The absorption spectrum of the pigment in these detergents is almost 
identical with that found in digitonin. The only difference is that in both, 
the position of the main red band is shifted further towards the blue, and 
is found at 671 to 672 m/x. 

Concentrated urea solutions (50 per cent) also clarify aqueous solutions 
of the chloroplast pigment. The absorption spectrum is identical with 
that of the pigment in digitonin with the main red absorption band at 
675 m/x. 


V 

Relationship of Chlorophyll to Protein 

If a true combination exists between chlorophyll and protein, there should 
be a definite quantitative relationship between them. This point has been 
investigated by purifying the chloroplast material in different ways, and 
then evaluating chlorophyll in relation to the dry weight, and in a few cases, 
to the chloroplast nitrogen as well. 

Estimation of Chlorophyll Concentration , — ^The usual method of estimating chlorophyll 
colorimetrically by matching against a standard solution of chlorophyll is subject to the 
difficulty of obtaining chlorophyll solutions of known purity. Mofeo^er, the absolute 
extinction coefficients of chlorophylls a and h are still subject to some revision although 
it does not appear likely that they will change very much. We have preferred to estimate 
chlorophyll by measuring the extinction at the maximum absorption at the red end of the 
spectrum where there is no interference by the yellow pigments of the leaf. Using the 
best absolute extinction values, it is then possible to compute the chlorophyll concen- 
tration. 

Although the position of the absorption band in the aqueous preparations is different 
from that of chlorophyll in organic solvents, the same preparation has an identical ex- 
tinction value in the aqueous extract clarified by digitonin, or in ether or petroleum, 
ether.’ This comparison was made by diluting an aliquot portion of the concentrated 
aqueous extract until the extract had several times the chlorophyll concentration suitable 
for spectrophotometric estimation. The extract was then diluted with a 5 per cent 
solution of digitonin until the final digitonin concentration was 1 or 2 per cent. 

’ In a preliminary communication (Smith, 1940) it was inadvertently stated that the 
'^extinction value in water as protein compound, or in ether or petroleum ether” is the 
same. The statement should read “aqueous digitonin” in place of “water.” 
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The chlorophyll from another sample of the extract was transferred to ether by adding 
ten volumes of acetone to precipitate the protein, washing with more acetone, and finally 
washing the chlorophyll into the ether by adding water. After several additional wash- 
ings of the ether with water, the ether extract was brought to a definite volume and the 
chlorophyll estimated spectrophotometrically. The data of four separate experiments 
are given in Table III. Single determinations with ethanol and acetone as solvents are 
in agreement with the data for ether and petroleum ether. 

The aqueous extract cannot be directly compared with the organic solvents since 
the former shows a large and variable loss of light caused by scattering, giving an ap- 

TABLE III 


Comparison of Chlorophyll Absorption in Different Solvents 


Experiment 

Solvent 

X maximum 

Density 

Averages 



mix 



1 

Ether 

660 

1.14 




661 

1.16 




660 

1.17 

1.16 


Digitonin 

675 

1.18 




675 

1.17 

1.18 

2 

Petroleum ether 

661 

1.25 




660 

1.22 

1.24 


Digitonin 

675 

1.25 

1.25 

3 

Etlier 

660.5 

1.67 




660 

1.81 




660 

1.80 

1.76 


Digitonin 

674.5 

1.80 

1.80 

4 

Ethanol 

665 

1.36 



Acetone 

663 

1.32 



Digitonin 

675 

1.40 



preciably higher extinction value. While digitonin has been used to eliminate this 
scattering, it is likely that other clarifying agents, such as bile salts, would also serve 
the same purpose. The absorption of the pigment in digitonin was found to follow the 
Lambert and Beer law over a tested concentration range of one to ten. 

Accepting the findings of Willstatter and Stoll, it has been assumed that the leaf 
pigment contains chlorophylls a and 5 in a ratio of three to one. On this basis, values 
for the mixed pigments have been computed from the best available data. Using the 
molecular extinction coefficient € where 

ecd =* logic h/I =* D 

the data of Zscheile (1934) give 5.4 X 10*. When the data of Winterstein and Stein 
(1933) are converted from log, to logw, the same value is obtained. MacKinney's 
(1940) recent data on chlorophylls a and b yield the value 5.6 X 10*. Since the higher 
value indicates pu^er components, the absolute chlorophyll concentrations are calculated 
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in terms of this value. The most convenient method of expressing the relative values is 
as optical density (2>) per mg. of dry weight per ml. of solution per cm. absorption. The 
percentage of chlorophyll is i?(900)(100)/S.6*10* or 1.61 D. 

Purification . — Most of the preparations were purified by repeated salt 
precipitation and resuspension in slightly alkaline phosphate buffer. The 
spinach protein could be precipitated by 0.3 saturation with ammonium 
sulfate or by sattiration with sodium chloride. Aspidistra protein could 
not be precipitated with sodium chloride but was precipitated by half 
saturation with ammonium sulfate. The ammonium sulfate was always 
added from a saturated solution made slightly alkaline (phenol red) with 
0.1 N sodium hydroxide. It was necessary to carry out all of the manipula- 
tions in slightly alkaline solutions in the cold; otherwise denatured protein 
was obtained which could not be resuspended. 

Determinations of the dry weight were made after the solutions were 
thoroughly dialyzed in cellophane tubing first against slightly alkaline 
phosphate buffer, and finally against distilled water. Dry weights were 
determined by evaporating an aliquot portion of the solution over a steam 
bath and finally by drying in an evacuated dry chamber over sulfuric acid. 

Initial extracts of the leaves had a D/mg./ml./cm. between 1.2 and 1.4 
both for spinach and Aspidistra. This is roughly one-fourth of the aver- 
age value obtained for the purified material after three or four precipita- 
tions. There was generally only a small change in the D value after the 
second precipitation. The final values are given in Table IV. 

In one experiment purification was effected in a different manner. The 
leaf extract was sedimented in an air-turbine concentration centrifuge at 
8000 B.F.M. The preparation was sedimented twice, resuspending in m/10 
Na*HP04, and finally three times more, resuspending each time in distilled 
water. The precipitates were collected in a little distilled water. To a 
carefully measured volume, an equal volume of 5 per cent digitonin was 
added. This was centrifuged at 2500 r.p.m. for 15 minutes, and aliquot 
portions of the clear solution were taken for chlorophyll, dry weight; and 
nitrogen estimation. A sample of the digitonin solution was also taken 
for dry weight. Estimation showed that the digitonin preparation was 
nitrogen-free. The results of this experiment also given in Table IV are in 
keeping with the others.^ 

Table IV summarizes the purification data. Using the actual chloro- 
phyll determinations, the total nitrogen values (micro Kjeldahl) were cor- 
rected for the 6.2 per cent nitrogen present in chlorophyll assessed on the 

^ Thanks are gratefully acknowledged to Dr. £. A. Kabat of Cornell University Medi- 
cal School for the use of the air-turbine centrifuge and for his aid with this experiment. 
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basis of three parts of a to one of b. The remaining nitrogen was assumed 
to be protein nitrogen, using the customary factor 6.25. The average 
chlorophyll content of the isolated chloroplast material was 7.86 per cent. 
For the three experiments where nitrogen was determined, the protein 
content of the chloroplasts was 46.5 per cent in good agreement with the 
average value of 47.7 per cent foimd by Menke (1938) for spinach leaves. 

The average chlorophyll content was 16.1 parts of chlorophyll per 100 
parts of protein.* This is in contrast to the results of Granick (1938) and 
Mommaerts (1938). Granick found 27 parts of chlorophyll per 100 parts 
of protein calculated from his statement of 30 molecules of chlorophyll 


TABLE IV 

Relationship of Chlorophyll to Protein in Chloroplast 
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per 100,000 molecular weight of protein. Mommaerts found about 5.5 
parts of chlorophyll per 100 parts of protein. The decided discrepancy 
between the results of these two investigators and the data given here may 
be at least partly explained by the fact that Mommaerts removed the chloro- 
phyll from the chloroplasts with ether and determined the dry weight of the 
etherdnsoluble residue, assuming that it was entirely protein. Granick 
determined chlorophyll colorimetrically but did not specify his standard 
of comparison. If his standard was of lower purity than MacEliimey’s 
it would aid in explaining the difference. 

' After this work had appeared in preliminary form, the paper of Menke (1940) be- 
came available in which he r^rted an average value of 17.2 piuts of chlorophyll per 100 
parts of protein. This is in excellent agreement with the value of 16.1 reported here 
when one considers the different methods used. 
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The value of 16.1 per cent chlorophyll may have to be lowered somewhat if 
the absolute extinction coefficients for pure chlorophylls a and b are found 
to be higher. This does not appear likely since the results of Zscheile, 
Winterstein and Stein, and MacKinney agree within S per cent. On the 
other hand, further purification of the chloroplast protein may necessitate 
some revision of this figure. Some of the chloroplast nitrogen may not 
belong to the chlorophyll protein. Our evidence is negative in that other 
purification methods were unsuccessful in changing the chlorophyll to dry 
weight ratio. The pigment was readily adsorbed at pH 6.6-6.8 by alumina 
cry, and gelatinous calcium triphosphate but elution at pH 8 to 9.5 was 
unsuccessful. When partial adsorption was carried out by using an amount 
of adsorbent insufficient to remove all of the pigment, the remaining pig- 
ment did not differ from the starting material already purified by salt 
precipitations. Other adsorbents such as copper hydroxide and calcium 
hydroxide behaved similarly. At pH 6.6 the green pigment was not ad- 
sorbed by bone charcoal or kaolin, nor did these adsorbents remove enough 
impurities to change the chlorophyll to dry weight ratio. 

A few attempts were made to obtain an independent estimate of the 
chlorophyll concentration by measuring the magnesium content of leaf 
extracts or purified material by the Titan yellow method after digestion 
with sulfuric acid or with nitric acid and H 2 O 1 . The values obtained, es- 
pecially with the impurified extracts, always gave chlorophyll estimations 
much higher than those found by the spectrophotometric method, indicating 
the presence of magnesium not bound in the chlorophyll molecule. 

VI ' 

DISCUSSION 

From the evidence of the spectral and chemical properties of the chloro- 
plast pigment, it seems certain the chlorophyll exists in the leaf as the pros- 
thetic group of a definite protein. The constant proportionality of 
chlorophyll to protein must be regarded as one of the more important facts 
indicating this linkage in spite of the fact that some uncertainty remams 
attached to the absolute ratio. 

It is still undetermined whether the large quantity of non-protein material 
associated with the chloroplast protein represents a molecular combination 
or only an association complex. If the entire complex is in molecular com- 
bination, then the average chlorophyll content of 7.86 per cent would indi- 
cate a minimum molecular weight of 11,500 for the complex. U^g the 
chlorophyll-protein ratio of 16.1 to 100, the minimum molecular weight is 
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5600, or a little over three chlorophyll molecules for the Svedberg protein 
imit of 17,500. Because of the much smaller light absorption at the stand- 
ard wave length of chlorophyll h compared to chlorophyll a, the three and a 
fraction may represent three molecules of chlorophyll a and one of b. In 
their analyses of the leaves of many green plants, Willstatter and Stoll 
found that the ratio of chlorophyll a to 6 seldom deviated from three to 
one. Using a difierent method of chlorophyll estimation, Winterstein and 
Stein found the same ratio. This suggests a definite combining ratio of 
three molecules of a and one of 5 in the same protein unit. Although 
many hypotheses have been advanced ascribing different functions to 
chlorophylls a and 6, this is, we believe, the first suggestion to explain the 
constant ratio. 

There is some doubt whether the carotenoids are also bound to protein. 
None of the purification methods which have been attempted has served 
to separate any of the chlorophyll or carotenoid components of the chloro- 
plast. The fact that petroleum ether readily extracts the carotenoids but 
not chlorophyll from dried chloroplast material indicates that the caro- 
tenoids may be only loosely associated rather than bound by true chemical 
linkage. On the other hand, sedimentation studies in the ultracentrifuge 
(Smith and Pickels, impublished) in the presence of sodium dodecyl sulfate 
reveal no separation of chlorophylls and carotenoids even though the pro- 
tein is split into smaller imits. The existence of carotenoid-protein com- 
pounds in nature such as the astacene compounds of Crustacea, and visual 
purple, shows that such combination is not imlikely. 

Whether the close association of all the pigment components of the chloro- 
plast is a loose one or is in the form of a giant molecule as postulated by 
Lubimenko, this association must be of importance in the photosynthetic 
mechanism. In any case, the combination of chlorophyll with protein 
must be taken into consideration in dealing with the problem of photo- 
synthesis. 

It is a real pleasure to acknowledge the generous help and many kind- 
nesses of Professor D. Keilin while the author was a guest at the Molteno 
Institute, and to thank Professor Selig Hecht for his always available advice 
and criticism. 


SUMUARY 

1. Aqueous extracts of spinach and Aspidistra leaves yield highly opales- 
cent preparations which are not in true solution. Such extracts differ 
markedly frdm colloidal chlorophyll in their spectrum and fluorescence. 
The differences between the green leaf pigment and chlorophyll in organic 
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solvents are shown to be due to combination of chlorophyll with protein 
in the leaf. 

2. The effect of some agents on extracts of the chlorophyll-protein com- 
pound has been investigated. Both strong acid and alkali modify the ab- 
sorption spectrum, acid converting the compound to the phaeophytin 
derivative and alkali saponifying the esterified groups of chlorophyll. Even 
weakly acid solutions (pH 4.5) denature the protein. Heating denatures 
the protein and modifies the absorption spectrum and fluorescence as earlier 
described for the intact leaf. The protein is denatured by drying. Low 
concentrations of alcohol or acetone precipitate and denature the protein; 
higher concentrations cause dissociation liberating the pigments. 

3. Detergents such as digitonin, bile salts, and sodium desoxycholate 
clarify the leaf extracts but denature the protein changing the spectrum 
and other properties. 

4. Inhibiting agents of photos 3 nithesis are without effect on the absorp- 
tion spectrum of the chlorophyll-protein compound. 

5. The red absorption band of chlorophyll possesses the same extinction 
value in organic solvents such as ether or petroleum ether, and in aqueous 
leaf extracts clarified by digitonin although the band positions are differ- 
ent. Using previously determined values of the extinction coefficients of 
purified chlorophylls a and 6, the chlorophyll content of the leaf extracts 
may be estimated spectrophotometrically. 

6. It was found that the average chlorophyll content of the purified 
chloroplasts was 7.86 per cent. The protein content was 46.5 per cent 
yielding an average value of 16.1 parts per 100 parts of protein. This 
corresponds to a chlorophyll content of three molecules of chlorophyll a 
and one of chlorophyll b for the Svedberg unit of 17,500. It is suggested 
that this may represent a definite combining ratio of a and b in the protein 
molecule. 
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I 

INTRODTTCTION 

Evidence has been presented that in the green leaf chlorophyll is bound 
to protein by true chemical linkage (Smith, 1941). In order to elucidate 
additional properties of this compound, the effect of sodium dodecyl sulfate 
was studied. Sreenivasaya and Pirie (1938) demonstrated that the tobacco 
mosaic virus protein is split by sodium dodecyl sulfate into fragments of 
smaller size than the initial virus preparation, and at the same time, the 
nucleic acid is separated from the protein. Anson (1939) observed that 
various detergents including some which contain sodium dodecyl sulfate 
denature hemoglobin and egg albumin. Keilin and Hartree (1940) found 
that cytochrome c is reversibly changed by sodium dodecyl sulfate ap- 
parently affecting the linkage of the heme group to the protein since the 
absorption spectrum is modified. ' 


n 

Effect of Sodium Dodecyl Sulfate 

When a solution of sodium dodecyl sulfate (SDS)* is added to an alkaline 
leaf extract, every trace of opalescence disappears and a brilliantly clear 
green solution is obtained. SDS thus has a similar action to digitonin or 
bile salts (Smith, 1941), but differs from these in its much greater effective- 
ness. The SDS clarified preparations show a clear red fluorescence which 
appears to be greater than that of the untreated leaf extract, but have a 

* Part of this work has already been presented in a preliminary conununication<(Smith, 
1940 a). 

** John Simon Guggenheim Memorial Fellow (1938-1940). 

^ The SDS used in these experiments was part of a gift to Professor D. Keilin from 
Imperial Chemical Industries. 
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much smaller fluorescence than an equivalent concentration of free chloro- 
phyll in acetone or ether. 

The most striking action of the SDS is that in addition to clarifying the 
solution, magnesium is eliminated from the chlorophyll converting it to 
phaeophytin. The reaction is extremely rapid in weakly acid solutions 



Fig. 1. The absorption spectra of the chloroplast pigment in SDS solutions at pH 8.90 
(Curve a) and pH 5.30 (Curve b). In the short wave region of the spectrum, the curves 
have been plotted at a tenth of the measured density values. The data are given in 
Table I. 

and takes place slowly in more alkaline solutions. This change is apparent 
by the striking color change from the original brilliant green first to an olive 
green and finally to a yellow or brown depending on the concentration of 
the pigment. In Fig. 1 are shown the absorption spectra of two solutions 
identical in all respects except that a was buffered at pH 8.9 and b at pH 5.3. 
The spectrum of the alkaline solution was measured immediately after 
addition of the SDS. No significant change occurred during the course of 
the measurements. After addition of the SDS solution to the acid buffered 
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solution (b), it was allowed to stand overnight to permit the reaction to 
go to completion. 

The spectrum of the chlorophyll-protein compound even in the alkaline 
SDS solution shows striking changes. The maximum of the main red band 
which is at 678 in the leaf extract is shifted to 670 m/u. The prominent 
bands in the blue at 470 and 437 m/i are reduced in the SDS treated solution 
to slight inflections, as the entire curve appears to rise towards a maximum 
in the ultraviolet. 

The spectrum of the acid SDS solution is plotted on the same density 
scale as the alkaline one. It shows a decided decrease in density at the 
red maximum which remains at 670 m/i, a pronounced shift of the entire 
blue absorption region towards the ultraviolet, and the appearance of 
three new absorption bands at 610, 540, and 510 m/i. The absorption 
minima are at 632.5, 583, 527.5, and 490 mft. The actual measurements 
of both spectra are given in Table I. Comparison of the acid spectrum with 
the absorption spectrum of phaeophytin a in dioxane (Stem and Wenderlein, 
1936) shows that phaeophytin, the magnesium-free derivative of chlorophyll, 
has been formed. In dioxane, the band maxima are from 1 to 5 myu further 
towards the blue end of the spectrum than for the pigment in aqueous 
solution. 

Ultrafiltration of a clarified extract through a 3 per cent Bechold collodion 
membrane or dialysis does not result in any loss of chlorophyll or carotenoid 
pigment showing that these pigments remain attached to large molecules. 
After prolonged dialysis against alkaline buffer solutions, the SD^may be 
nearly completely removed. The solution remains clear. The pignient 
and protein are precipitated by acidif 3 dng with dilute acetic add, and can 
be redissolved with alkali. The complex is precipitated from solution by a 
tenth saturation with ammonium sulfate. This precipitate cannot be re- 
dissolved in water or neutral buffer, but is readily dissolved in SDS solution. 
The low concentration of salt required and its subsequent insolubility indi- 
cate that the protein is denatured by SDS. This is true for the protein 
compound whether the prosthetic group is phaeophytin or chlorophyll. 
No separation of the pigment from the protein can be obtained by fractional 
predpitation. 

SDS readily dissolves the protein denatured by boiling. However, in 
these preparations, phaeophytin is formed much more rapidly than in 
control preparations buffered at the same pH. In one experiment, two 3 ml. 
samples of a leaf extract were strongly buffered at pH 8. One was boiled 
for 5 minutes, cooled to room temperature, and 1 ml. of 5 per cent SDS 
added to both solutions. In the boiled solution, phaeophytin formation 



586 


ACTIOK OF SODIUM DODECYL SULFATE 


was complete in less than 3 hours, while the control solution still showed 
some green color and incomplete phaeophytin formation after 20 hours. 


TABLE I 


The EJfect of Sodium Dodecyl Sulfate on the Absorption Spectrum of the Chloroplast Pigment. 

Data of Fig. 1 


Measurements were made with the spectrophotometer of Shlaer (1938). 



Density at pH 

Density at pH 


8.90 

5.30 

mu 



750 

0.0244 

0.0052 

740 

0.0260 

0.0088 

730 

0.0244 

0.0096 

720 

0.0260 

0.0116 

710 

0.0319 

0.0152 

700 

0.0462 

0.0216 

690 

0.1327 

0.0576 

685 

0.2369 

0.1156 

680 

0.4116 

0.2508 

675 

0.5855 

0.4172 

672 

0.6426 

0.4744 

671 

— 

0.4848 

670 

0.6712 

0.4872 

669 

0.6712 

0.4848 

668 

0.6695 

— 

665 

0.6375 

0.4232 

660 

0.5158 

0.3312 

650 

0.3721 

0.1636 

640 

0.2545 

0.0944 

635 

— 

0.0840 

632.5 


0.0824 

630 

0.2302 

0.0840 

625 

0.2302 

1 — 

620 

0.2302 

0.1108 

612 

— 

0.1308 

610 

0.2134 

0.1320 

608 


0.1304 

600 

0.1873 

0.0984 

590 

0.1722 

0.0664 

585 


0.0616 

♦583 

— 

0.0604 

580 

0.1537 

0.0624 

570 

0.1336 

0.0784 


X 

Density at pH 
8.90 

Density at pH 
5.30 

mu 

560 

0.1168 

0.0964 

550 

0.1127 

0.1220 

542 

— 

0.1612 

541 

— 

0.1628 

540 

0.1151 

0.1628 

538 

— 

0.1600 

530 

0.1134 

0.1304 

527.5 

— 

0.1284 

525 

— 

0.1288 

520 

0.1268 

0.1372 

511 

— 

0.1612 

510 

0.1772 

0.1616 

509 


0.1612 

500 

0.3066 

0.1436 

495 

— 

0.1316 

490 

0.5359 

0.1276 

485 

— 

0.1320 

480 

0.7619 

0.1404 

475 

— 

0.1480 

470 

0.8854 

0.1592 

465 

— 

0.1808 

460 

0.9408 

0.2324 

455 

— 

0.3188 

450 

1.1567 

0.4304 

445 

— 

0.5684 

440 

1.4860 

0.6768 

435 

— 

0.6904 

430 

1.5750 

0.7612 

425 

— 

0.9280 

420 

1.7302 

1.0836 

415 

— 

1.1252 

410 

1.8287 

— 


This suggests that the action of the SDS takes place at several different 
linkages in the chlorophyll-protein compound. Anson has shown that 
Duponol yik, which consists mostly of SDS, readily denatures hemoglobin 
with liberation of sulfhydryl groups. Similarly it appears that SDS de- 
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natures the chlorophyll-protein compound splitting linkages which facilitates 
the removal of magnesium from the molecule. When dcnaturation is 
first accomplished by heating, the magnesium is rapidly removed. 

It should be emphasized that SDS removes magnesium from the 
chlorophyll-protein compound in neutral and in slightly alkaline solutions. 
Heretofore, acid has been used to remove magnesium from chlorophyll 
dissolved in organic solvents. SDS is without effect on chlorophyll dis- 
solved in acetone. Magnesium is removed by SDS from colloidal 
chlorophyll suspended in neutral solutions but at a slower rate than from 
the chlorophyll-protein compound. 


m 

Kinetics 

1. Methods and Procedure . — ^All of the measurements were made with unpurified 
extracts of spinach leaves prepared as already described (Smith, 1941). The conversion 
of the pigment from chlorophyll to phaeophytin is readily observed spectrophotometri- 
cally because of the pronounced differences in the absorption spectra of the two pigments. 
The changes were followed at three separate wave lengths: at 670 m/i, the principal 
maximum in the red where a large decrease in density takes place (Fig. 1), similarly at 
610 mpi, the maximum of a phaeophytin absorption band; and at 540 m/i where an in- 
crease in density takes place and a new absorption band appears. The measurements 
were made using the sensitive photoelectric spectrophotometer of Shlaer (1938). 

After several preliminary experiments, all of the experiments were carried out over a 
period of 6 days on a single extraction which was kept in the refrigerator; no sensible 
change occurred in the extract during this period. Measurements were made at five 
pH values and at six different concentrations of sodium dodecyl sulfate, m*jking ten 
runs in all since one run served for both series. The experiments of both series were 
made in random order. 

The procedure was as follows: A sample of the extract was removed from the refrigera- 
tor and allowed to come to room temperature. To 0.5 ml. of extract were added 1.0 
ml. of the appropriate sodium phosphate buffer (in one experiment sodium acetate 
buffer was used), a quantity of water where it was necessary to bring the solution to the 
final volume of 3 ml., and finally the sodium dodecyl sulfate solution. The final buffer 
concentrations were always tenth molar. The solution was mixed rapidly and pipetted 
into an absorption cell of 5 mm. optical thickness. Measurements were then carried out 
as rapidly as possible at the three wave lengths. In all cases, the pH of a sample of the 
reaction mixture was measured with the glass electrode. The measurements were made 
at room temperature (22-24®C.). 

2. Effect of pH . — ^The change in density at 670 m/x at different pH’s is 
shown in Fig. 2 and the data are given in Table II. For the data*of pH 
7.96, the correct time values are twice those in the figure. It is apparent 
that there is a large change in the rate of the reaction depending on the pH 
of the solution. At pH 7.96 nearly 5 hours (294 min.) are required for half 
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Fig. 2. Density changes at 670 m/* in solutions of different pH. For the data of 
pH 7 .96 the plotted time values should be doubled. The numerical values are in Table 11. 



Fig. 3. Density changes at 540 in solutions of different pH. For the data of 
pH 7.96 double the plotted time values. The data are given in Table in. 
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TABLE II 


Change in Density at 670 tn^i at Different pH^s 

Data of Fig. 2. SDS concentration constant at 1.67 per cent. Solution at pH 5.46 in 0.1 m 
sodium acetate buffers; others in 0.1 m sodium phosphate buffers. 


pH- 

• 5.46 

pH- 

6.05 

pH- 

>6.50 

pH - 6.68 

pH - 7.96 

Time 

Deniity 

Time 

Density 

Time 

Density 

Time 

Density 

Time 

Density 

aUn. 


mim. 


min. 


min. 




2.2 


1.7 

0.7812 

2.2 

0.8860 

2.5 

0.9144 


0.9536 

6.3 


7.0 


7.5 

0.8056 

8.0 

0.8520 


0.9472 

10.8 

0.6952 

11.8 


12.7 

0.7624 

13.3 



0.9436 

18.9 

0.6932 

19.0 


18.5 

0.7344 

18.7 



0.9392 

28.0 

0.6928 

26.0 

0.6960 

24.3 

0.7184 

25.2 

0.7536 

29.7 

0.9320 

41.5 

0.6916 

37.0 

0.6948 

29.7 


30.8 

0.7392 

47.5 

0.9248 

109. 

BUM 

54.0 

0.6948 

34.3 

0.7044 

36.7 

0.7276 

67.0 

0.9184 




0.6924 


0.6964 

43.7 


75.0 

0.9140 



131. 

0.6892 


0.6936 

54.0 


85.5 

0.9072 






0.6912 

67.7 


175. 

0.8728 







85.7 

0.6964 


0.8616 





154. 


117. 

0.6932 


0.8372 







161. 

0.6916 

276. 

0.8248 







255. 


294. 

0.8200 









344. 










369. 



TABLE m 


Change in Density at 540 m/x ai Different pE^s 

Data of Fig. 3. Measurements made alternately with those given in Table n using the same 
solutions. 


pH -5.46 

pH - 6.05 

pH -6 JO 

pH - 6.6S 

pH - 7.96 

Time 



Density 

Time 

Density 

Time 

Density 

Time 

Density 

min. 


min. 


min. 


min. 


min. 


5.0 

0.2160 

5.0 

0.2008 

5.7 

0.1672 

6.2 


5.5 

0 1344 

9.0 

0.2208 

10.0 

0.2116 

10.8 

0.1848 

11.5 

EBS] 

10.9 

0.1340 

14.3 

0.2220 

17.0 

0.2168 

16.6 

0.1964 

16.8 

0.1802 

17.3 

0.1352 

17.2 

0.2224 

23.7 

0.2184 

22.5 

0.20M 

22.7 

0.1894 

34.7 

0.1364 

39.5 

0.2244 

33.3 

0.2204 

27.7 

0.2076 

28.8 

0.1954 

46.0 

0.1376 

113. 

0.2224 

57.5 

0.2224 

38.0 

0.2124 

34.5 

0.2002 

64.5 




97.5 

0.2240 

48.5 

0.2144 

47.7 

0.2062 

80.0 






64.0 

0.2168 

52.0 

0.2082 

180. 

0.1544 





93.0 

0.2192 

65.5 

0.2110 

198. 

0.1556 





128. 

0.2208 

89.7 

0.2150 

248. 

B.1624 





158. 

0.2212 

113. 

0.2170 

274. 

0.16S6 







159. 

0.2182 

291. 

0.1656 







251. 

0.2210 

342. 

0.1736 









366. 

0.1756 
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of the total density change. On the other hand, at pH 5.46 the reaction is 
practically complete in 10 minutes. It has not been feasible to measure 
the rate in more acid solutions because of the time required for mixing and 
transferring the solutions to the spectrophotometer. 

In Fig. 3 and Table III are presented the data which were obtained on 
the same solutions at 540 m/i. The character of the data is exactly the 
same as those at 670 m/t except that they show an increase in density instead 
of a decrease. The precision of the measurements with the spectrophotom- 
eter used is well illustrated by these data since the density changes at this 



6 7 8 


pH 

Fig. 4. Rate of phaeoph 3 rtin formation as a function of pH at three density values: 
A, 0.72; B, 0.76; C, 0.80. These are the data for 670 mu and are given in Table IV. 

wave length are very small. The data obtained at 610 m/i have been 
omitted since they are so similar in character to those at 670 m/t. It is 
evident that the pH of the solution has little or no effect on the final phae- 
ophytin spectnun since the final density is the same at aU pH’s both at 670 
an^ 540 m/t; this is likewise true for the data at 610 m/t. 

The influence of pH on the rate of the reaction can be estimated from 
the time required to reach a given density value at any one pH. In Fig. 4 
are plotted the log rates (-log times) versus the pH, for three different density 
values. The lines drawn through the data have a slope of minus one in- 
dicating that the log rate is inversely proportional to the pH, or that the 
rate of the reaction is directly proportional to the hydrogen ion concentra- 
tion. In otherVords, in the presence of sodium dodecyl sulfate the removal 
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of magnesium of the chloroplast pigment appears to be influenced by a 
simple hydrogen ion catalysis. The data in Fig. 4 are given in Table IV 
together with the data obtained from the measurements at 540 m/i. The 
effect of hydrogen ion concentration is identical at the three measured 
wave lengths. 

3. Effect of Sodium Dodecyl Sulfate Concentration . — In Fig. S and Table V 
are presented the data obtained for the change in density at 670 m/u. The 

TABLE IV 

Rate of Phaeophytin Formation As a Function of pH 


The data of 670 m/x are shown graphically in Fig. 4. These values were obtained by inter- 
polation from the measurements given in Tables II and III. The value in brackets was ob- 
tained by extrapolation. 


Wave 

length 

pH 

Density 

-0.7200 

Density — 0.7600 

Density 

-0.800 

Time 

—log time 

Time 

—log time 

Time 

—log time 



min. 


min. 


min. 


670 

5.46 

2.7 

-0.431 

— 

— 

— 

— 


6.05 

8.4 

-0.924 

3.7 

-0.568 

— 

— 


6.50 

24.0 

-1.380 

13.1 

-1.117 

8.0 

-0.903 


6.68 

41.4 

-1.617 

23.3 

-1.367 

15.0 

-1.176 


7.96 

— 

— 

[440.] 

[-2.644] 

340. 

-2.532 



Density 

-0.2200 

Density 

- 0.1700 





Time 

—log time 

Time 

—log time 





min. 


min. 




540 

5.46 

8.2 

-0.914 

— 

-- 




6.05 

30.8 

-1.489 

— 

— 




6.50 

105. 

-2.021 

6.3 

-0.799 




6.68 

217. 

-2.337 

11.7 

-1.068 

% 



7.96 

— 

— 

314. 

-2.497 




plotted time values should be doubled for the data at the lowest SDS con- 
centration (0.0209 per cent). The solutions were all buffered at pH 6.50. 
The curves show a marked effect of SDS concentration when the concen- 
tration is low. With these solutions there was no noticeable difference in 
character or rate of clarification of the solutions. When SDS was added 
to make the final concentration 0.01 per cent, or half that of the lowest 
concentration given in Fig. 5, no clarification of the solution was obtained. 
It was not possible to measure this solution spectrophotometrically. There 
seems to be a fairly abrupt transition below the least effective concentration 
of SDS. indicating a threshold effect. . 

Relative rates of phaeophytin formation as a function of SDS concentra- 




Fig. 5. Densify changes at 670 m/4 at different SDS concentrations, and at a constant 
pH of 6.50. For the data of 0.0209 per cent SDS, the correct time values are twice those 
plotted. The data are given in Table V. 



Fig. 6. Rate of phaeophytin formation as a function of SDS concentration at three 
different density values: A, 0.80; B, 0.76; C, 0.72. The data are given in Table VI. 
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tion were obtained from the data shown in Fig. 5 by the same procedure 
used for the pH data. The data obtained are given in Table VI. In Fig. 6 
t hpgft data are plotted as log rate versus log SDS concentration. The lines 

TABLE V 

Change in Density at 670 mju at Different Concentrations iff Sodium Dodeeyl Sulfate 


Data of Fig. 5. pH was constant at 6.50 in 0.1 u sodium phosphate bufiter. SDS conoentia* 
tions aie given in per cent. 


[SDSl - 0.0209 

[SDS] 

-0.0833 

[SDS] 

-0.167 

[SDS] 

-0.333 

[SDS] 

-0.667 

[SDS] 

- 1.67 

Time 

Deniity 

Time 

Deneity 

Time 

Deniity 

Time 

Deniity 

Time 

Demlty 

Time 

Deniity 

min. 


min. 


min. 


ndn. 


min. 


min. 


1.8 

0.9418 

2.0 


2.1 


2.3 

0.8642 

2.0 

0.8529 

2.2 

0.8860 

7.0 

0.9413 

7.0 

0.8496 

7.9 

0.8224 


0.8222 

7.5 

0.7936 

7.5 

0.8056 

21.0 


wm 

0.8348 

■FO 

0.7844 

13.5 

0.7802 

13.3 

0.7488 

12.7 

0.7624 

34.7 

0.9127 

18.3 

0.8188 

27.7 


22.0 


Eu 

0.7157 

18.5 

0.7344 

83.7 

0.8679 

24.3 


41.1 

0.7292 


0.6889 


0.7068 

24.3 

0.7184 

103. 

0.8534 

35. 8 

0.7868 

64.3 




41.3 

0.6911 

29.7 


138. 


41.8 

0.7772 

83.7 

0.6936 

119. 

0.6917 

56.8 


34.3 


174. 

0.7834 

65.3 







EB 

50.2 

0.6964 

202. 

0.7638 

91.8 

0.7264 







60.0 

0.6936 

243. 

0.7363 


0.7164 







88.0 

0.6912 



135. 




















154. 



TABLE VI 

Influence of Sodium Dodeeyl Sulfate Concentration on Sate of Pkaeopkytin Formation 


Data of Fig. 6. These values were obtained by interpolation from the data of Table V. 
The value in brackets is an extrapolated one. 


Sodium do- 
decyl lulfate 

Log SDS 
concentra- 

Deniity 

- 0.7200 

Deniity 

-0.7600 

Density 

> 

-0.8000 

concentra- 

tion 

tion 

Time 

—log time 

Time 

—log time 

Time 

—log time 

per ceni 

0.0209 

-1.780 

nUn. 

[268.] 

[-2.428] 

min. 

208. 

-2.318 

min, 

156. 

-2.193 

0.0833 

-1.079 

103. 

-2.013 

54.5 

-1.736 

28. 

-1.447 

0.167 

-0.777 

49. 

-1.690 

25. 

-1.398 

12. 

-1.079 

0.333 

-0.478 

35. 

-1.544 

18. 

-1.255 

10. 

-1.000 

0.667 

-0.176 

19.5 

-1.290 

11.9 

-1.076 

7.2 

-0.857 

1.67 

0.223 

25. 

-1.380 

13.1 

-1.117 

8.0 

-0.903 


drawn have a slope of tmity, and show that the rate is directly proportional 
to the SDS concentration within the precision of the data. The levelling 
of the data at the higher SDS values indicates that under the conditions of 
these experiments 0.4 per cent SDS produces the maximum rate. 

4. Effect of Temperature.— Tht effect of temperature was observed only 
in a qualitative way. Aliquot portions of the same reaction mixture were 




















S94 


ACTION O? SODIUM DODECYL SUTEATE 


taken, exposed to different temperatures, and the color changes of the 
solutions observed visually. Temperature has an extremely large effect 
on the rate of the reaction. For the region betjnreen 20 and SO^C., the Qio 
may be as high as 4 or 5. The high temperature coefficient may be only the 
usual high Qw for protein denaturation since prior denaturation by boiling 
increases the rate of SDS action as described in Part II of this paper. 

IV 

DISCUSSION 

The experiments of ultraffitration, dialysis, and fractional precipitation 
show that the prosthetic group remains attached to the protein regardless 
of the presence or absence of magnesium in the molecule. This has been 
confirmed by an ultracentrifugal study of the solutions which showed in 
addition that the protein is split into particles of low molecular weight 
(Smith, 1940 b; Smith and Pickels, 1941). The action of SDS on the 
chlorophyll-protein compound differs from its action on the virus of tobacco 
mosaic disease; in the latter case, Sreenivasaya and Pirie showed not only 
a splitting of the protein, but also a separation of the prosthetic group (nu- 
cleic add) from the protein. 

The effect of SDS on cytochrome c (Keilin and Hartree) shows some 
similarity to the present experiments. Here also the prosthetic group 
remains attached to the protein, and it is the linkage of the metal, iron, 
which is apparently modified. However, with cytochrome c the effect was 
found to be reversible on removal of the SDS, while with the chlorophyll- 
protein compound, no reversal could be obtained. 

The effect of pH shows that the lability of the magnesium atom is in- 
creased by the splitting and denaturing action of the SDS, and that it may 
not be the SDS itself which causes the removal of the metal. This is 
similar to the effect found by Inman and Crowell (1939) who observed 
that when tr)rpsin is allowed to act on a leaf extract, the formation of 
phaeophytin by acid is enhanced. Nevertheless, when the chlorophyll- 
protein compound is split by digitonin or bile salts, no phaeophytin forma- 
tion*takes place even at pH 4.5. It appears that the SDS attacks different 
linkages in the molecule than those affected by digitonin or bile salts. 

Since phaeophytin remains attached to the protein, it seems as though 
magnesium can play little part in binding the prosthetic group to the smaller 
protein units. On the other hand, the change in the spectrum produced 
by SDS at pH 9.0 indicates some modification, unless this effect can be 
ascribed wholly qr in part to the solvent action of the SDS. The chlorophyll 
groups are probably oriented to the hydrophobic part of the SDS molecule 
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dissolving the chlorophyll in what may be considered an organic solvent. 
This may explain the shift of the red band from 678 m/t to 670 m/i, and also 
the modification of the absorption spectriun in the blue where the caro- 
tenoids as well as the chlorophyll would tend to disperse in the parafiin 
groups of the SDS. 

It is too early to speculate much concerning the exact linkage of the 
chlorophyll to the protein. Linkages appear to be possible through the 
formyl group of chlorophyll b, the vinyl group, the labile hydrogen atoms 
of Stoll, and the magnesium. From the SDS action, it seems likely that 
the magnesiiun plays no r61e in binding chlorophyll to the smaller protein 
fragments, although it may be concerned in binding the intact molecule. 
This is indicated by the extreme lability of the magnesium in the presence 
of SDS and its stability in the presence of other detergents which also split 
the protein. 


SUMMARY 

1. Sodium dodecyl sulfate (SDS) attacks the chlorophyll-protein com- 
pound modifying its protein properties and absorption spectrum. 

2. In the presence of SDS, chlorophyll is quantitatively converted to 
phaeophy tin ; i.c. , magnesium is removed from the molecule. This reaction, 
measured spectrophotometrically, proceeds at a rate directly proportional 
to the hydrogen ion concentration. At constant pH, the rate is propor- 
tional to the SDS concentration until a maximum rate is achieved. 

3. The chlorophyll or phaeophytin (depending on the pH) remains 
attached to the protein, since the prosthetic group cannot be separated by 
iiltrafiltration, dialysis, or fractional precipitation. > 

4. This suggests that the magnesiiun plays no part in binding chlorophyll 
to the split protein fragments, but may be concerned in binding the larger 
iinit.fi', since the metal becomes extremely labile when the protein is split. 
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STUDIES ON CELL METABOLISM AND CELL DIVISION 
V. Cytochrome Oxidase Activity in the Eggs or Aebacia punctulata 
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In previous papers of this series (1-4) and allied publications, a study 
has been made of the effects of various agents on the respiration and cell 
division of the fertilized eggs of the sea urchin Arbacia punctulata. These 
experiments were part of a program directed toward gaining some insight 
into the respective rOles of individual enzyme systems in the utilization of 
oxidative energy for developmental processes in the sea urchin egg and 
other cells. For such investigations fertilized sea urchin eggs are especially 
suitable, owing to the fact that they depend almost exclusively on oxygen 
uptake for consumption of foodstuff, having little or no aerobic glycolysis 
or other metabolic activity of the anaerobic type under the conditions of 
experiment employed, even in the presence of cyanide and other respirator^' 
inhibitors. 

It was shown (3) that inhibition of division of fertilized Arbacia eggs took 
place at a level of respiratory inhibition which varied according to the t 3 T)e 
of inhibitor used. The significance of these experin^nts could not be >*> 
sessed in terms of the indmdual oxidative enzymes of the eggs because, 
though effects of respiratory inhibitors on certain enzyme systems in other 
plant and animal cells have been worked out in detail in a few instances, no 
single known oxidative enzyme has been positively identified as being 
present in fertilized Arbacia eggs. For example, although it has been 
assumed, from the fact that the respiration of fertilized Arbacia eggs is 
partially poisoned by cyanide or carbon monoxide and stimulate^ by p- 
phenylenediamine, that such eggs contain a cytochrome oxidase-cytochrome 
system comparable to that in many other cells, no cytochrome bands hav# 
been observed in the eggs (4-6), and the presence of an enzyme system 
capable of o xidiVing reduced cytochrome has not heretofore been demon- 
strated with certainty, though Ball and Meyerhof (5) recorded indications 
of the presence of such an enzyme in imfertilized Arbacia eggs. 

The present paper is one of a series designed to correct this deficient in 
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knowledge of respiratory enzymes in Arbacia eggs. It reports experiments 
to show that the eggs contain an enzyme which can oxidize reduced cyto- 
chrome c. This enzyme occurs in nearly equal amounts in unfertilized and 
fertilized Arbacia eggs, being present in both in a concentration sufficient 
to account for the respiration of the fertilized eggs even under the maximum 
degree of respiratory stimulation yet observed (1). The enz3ane is in- 
hibited — though in some instances to a degree differing greatly from that 
of the egg respiration — by cyanide, carbon monoxide, azide, and hydrogen 
sulfide, but not by such copper inhibitors as sodium diethyldithiocarbamate 
or 8-hydroxyquinoline. 

In extension of previous experiments (4, 5, 7), a further effort to demon- 
strate the presence of cytochrome c and succinic dehydrogenase has shown 
that these oxidative catalysts, if present at all, occur in fertilized Arbacia 
eggs in concentrations disproportionately small in relation to the cytochrome 
oxidase activity, and too small to be of any apparent significance for the 
respiration of the egg. 

From these experiments, certain tentative suggestions can be made re- 
garding the probable nature of the oxidative systems operative in the 
fertilized Arbacia eggs. 


EXPERIMENTAL METHODS 

The cytochrome oxidase was prepared and used essentially according to Stotz (8) 
with the substitution of glycylglycine for part of the phosphate buffer in the test system 
and the use of a pH of 6.8 0.1 to make the pH of the extraction and test system con- 

form to what is believed from experiment to be the pH of the aqueous phase of the 
egg cytoplasm. 

The details of the oxidase preparation were as follows: Ripe, mature eggs were 
obtained at Woods Hole during July and August, 1940 and, where necessary, fertilized ac- 
cording to methods reported in previous papers of this series. The volume of the eggs 
was, in every case, determined on the unfertilized eggs by the hematocrit method (9) 
(2700 times gravity for 5 minutes). Each cubic centimeter of eggs corresponded to 
approximately 5 X 10* eggs. The cytochrome oxidase values per cubic centimeter of 
eggs were converted to a wet weight and a dry weight basis using an egg density of 
1.08 (10) and an egg solid content of 18 per cent (11). To carry out the preparation, the 
eggs, either unfertilized or at 30 minutes after fertilization at 20°C., were packed tightly 
by centrifuging at 2000 times gravity for 10 minutes. The eggs were then cytolyzed 
with 0.067 M NasHP04, using 5 cc. of phosphate solution for each gram of eggs; the 
resulting suspension was ground in a mortar with acid-washed sea sand at 5^C. for 20-25 
minutes, using 0.4 gm. sand for each gram of eggs. The brei was then decanted from 
the sand, placed in cellophane tubing, and dialyzed overnight (22 hours) at 8^C. against 
0.1 li phosphate buffer (pH 6.9) to reduce the concentration of any unidentified oxidizable 
substrates which might give large blank values in the manometric experiments. The 
resulting brei, after dilution with 0.1 ic phosphate to a volume of 6.7 cc. per gm. of eggs, 
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was used as the enzyme preparation in the cytochrome oxidase experiments. It is 
of parenthetical interest that the liquid outside the dialysis tubes was pale yellow, and 
not red, at the end of the dialysis period, indicating that the cchinochrome, though freely 
soluble in water, was tightly bound by the residual proteins of the brei. 

Cytochrome c was prepared in this laboratory from beef hearts, according to the 
method of Keilin and Hartree (12), by Mr. T. V. Parke. After reduction with sodium 
hydrosulhte (Na 2 S 204 ) the cytochrome c was standardized spectrophotometrically 
(pH 6.0) at 550 m/x as described by Keilin and Hartree (12). Jt was preserved in 
solution (4.5 X 10“® m, pH 5.0) in the ice box at 5®C. with a trace of toluene included 
to prevent bacterial contamination and destruction. 

The manometric determinations of cytochrome oxidase activity were made with 
conical Warburg flasks and manometers. In all experiments, except those on effects of 
varying cytochrome c concentration, the main compartment of each flask received 
0.5 cc. of 0.33 M glycylglycine buffer of pH 6.9 (final concentration 0.05 m), 0.5 cc. of the 
oxidase preparation, 1.0 cc. of 4.5 X 10“* m cytochrome c (final concentration 1.36 X 
10“® m), and 1.0 cc. of water or a solution of the desired oxidase inhibitor in a concen- 
tration to give the final concentrations shown in the experimental section of the paper. 
The side arm contained 0.3 cc. of 0.22 m hydroquinone, metal-free cysteine, ^-phenylene- 
diamine, or sodium succinate according to the substrate desired; each substrate solution 
was brought to pH 6.9 before placing in the flasks. The flask center cups were left empty. 
For experiments concerned with effect of variation in cytochrome c concentration, the 
volumes were: 0.5 cc. oxidase, 0.5 cc. glycylglycine, 0 to 4.0 cc. cytochrome c solution 
(with water to make the total initial volume in the main compartment 5.0 cc.), and 0.5 cc. 
hydroquinone solution in the side arm. The flasks were equilibrated in the bath, at 
20®C. unless otherwise specified, the substrate tipped in, and a preliminary period of 
15 minutes allowed for minor pressure fluctuations to disappear. Readings of oxygen 
uptake were then made for the next 2 hours; all calculations here given are based on this 
2 hour period, during which the total oxygen consumption was of the order of 50 to 
200 c. mm. in the control flasks. The oxygen consumption followed a linear course 
under the conditions here defined, but use of higher final concentrations of the oxidase 
with hydroquinone as substrate led to the development of a cumulative inhibition of tne 
enzyme by some unidentified oxidative product, possibly quinone. 

The gas mixtures were prepared over water, passed through the flasks while the latter 
were shaken in the bath, and analyzed manometrically for exygen by the method nf 
Warburg and Kubowitz (13). 

In extension of previous experiments with low oxygen tension, cyanide, and carbon 
monoxide on the respiration of the eggs, analogous experiments to determine the effect 
of azide on egg respiration were made by the Warburg direct method as previously 
described (3); the effect of hydrogen sulfide on egg respiration was determined by the 
method of Dixon and Keilin (14). In each case, eggs were obtained and fertilized in 
the usual way, concentrated by allowing to settle, then diluted to give a final egg con- 
centration of 2 per cent by volume; in the course of this dilution a solution of 0.55 M 
glycylglycine in sea water at pH 8.0 (final concentration 0.05 m) was included to the 
extent of 10 per cent of the total volume. Each flask contained 0.5 cc. of a solution of 
the inhibitor solution. At 30 minutes after fertilization, 5.0 cc. of the egg suspension 
was added to the flasks, the temperature being maintained at 20®C. throughout. 

In the course of this work on the eggs it was found, in running controls to ascertain 



600 


CELL METABOLISM AMD CELL DIVISIOM. V 


the division of the eggs at various hydrogen sulfide concentrations, that respiration 
experiments on the effect of hydrogen sulfide at pH 8 could be run without alkali in the 
center cup, the respiratory carbon dioxide being readily absorbed by the glycylglycine 
buffered sea water serving as medium for the eggs. Since the vapor pressure of carbon 
dioxide over sea water has in fact been found (15) to be negligible at pH values above 7.8, 
the method might be applied more generally for measurement of respiration under 
conditions where rather alkaline media can be used.. 

EXPERIMENTAL RESULTS 

Under the conditions here employed the oxygen uptake by the cytochrome 
oxidase in presence of cytochrome c was linear over a 2 hour period and, with 
a given preparation, proceeded at nearly the same rate whether hydro- 
quinone (0.02 m), cysteine (0.02 m), or phenylenediamine (0.02 m) was used 
as substrate (Fig. 1). The autooxidation of substrate in presence of heat- 
inactivated oxidase (100°C. for 10 minutes) and cytochrome c was, as 
indicated by the representative data of Fig. 1, between 5 and 10 per cent 
of that in the active preparation. This autooxidation was almost insensi- 
tive to the inhibitors to be mentioned below. For all subsequent discussion 
in the present paper, rates of oxygen uptake refer to the net values obtained 
by subtraction of the uptake by heat-inactivated enzyme plus cytochrome c 
plus substrate from the uptake by unheated enzyme plus cytochrome c 
plus substrate. In contrast to heart muscle (8) the eggs were readily freed, 
by simple washing and dialysis of the fragmented cells, of intermediate 
catalysts capable of causing a substantial oxygen uptake in absence of 
added cytochrome c (Fig. 1). 

Cytochrome Oxidase Activity in Relation to Cytochrome c Concentration. — As 
previously shown by Stotz (8) for beef heart muscle, the activity of cyto- 
chrome oxidase from the eggs increased with the concentration of cyto- 
chrome and approached a maximum value at a concentration of cytochrome 
c somewhat below 10~* m (Fig. 2). The cytochrome c concentration re- 
quired for half activation of the oxidase was approximately 4 X 10-* m. 
This value for unfertilized and fertilized Arbacia eggs at 20°C. may be 
compared with the value of approximately 6 X 10“* m for half activation 
of cytochrome oxidase from beef heart muscle as determined by Stotz, 
Altschul, and Hogness (16) at 38°C. 

Concentration of Cytochrome Oxidase in Unfertilized and Fertilized Arbacia 
Eggs. — When tested in the presence of excess cytochrome c the concentra- 
tion of cytochrome oxidase was found to be nearly the same in unfertilized 
and in fertilized Arbaeia eggs (Table I). Each unit of activity is defined, 
following Stotz, as 10 c.mm. oxygen uptake per hour at 20° C. Efforts to 
determine the activity of Arbacia egg cytochrome oxidase at 38°C. were 
invalidated by the fact that the oxidase, with hydroquinone as a substrate, 
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Fig. 1. Oxygen consumption at pH 6.8 by: A, cytochrome oxidase plus 1.36 X 10“® m 
cytochrome c; B, heat inactivated cytochrome oxidase plus 1.36 X lO”*^ m c)d:ochrome c; 
C, cytochrome oxidase with no added cytochrome. The reductants for cytochrome c 
were: I, 0.02 m hydroquinone; II, 0.02 m ^-phenylenediamine; III, 0.02 m cysteine. In 
this experiment all A and C samples were aliquots from the same oxidase preparation; 
the rates of oxidation with the various reductants may therefore be directly compared. 
Temperature, 20®C. 



1.0 2.0 3.0 1.0 20 30 

MOLAR CONCENTRATION CYTOCHROME C X l</ 


Fig. 2. Oxygen consumption at pH 6.8 by cytochrome oxidase from (I) unfertilized 
Arbacia eggs and (11) fertilized Arbacia eggs as a function of cytochrome c concentration 
with 0.02 M hydroquinone as reductant for cytochrome c. Temperature, 20®C. . 

was rapidly inactivated at this temperature, while the rate of autooxidation 
was relatively high. However, using the measurements at 20°C. with 
allowance for the temperature factor, the amoimt of cytochrome oxidase 
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activity present in the eggs compared favorably with that in various rat 
tissues, as determined by Stotz. 

The Cof values of Table I (cubic millimeters of oxygen taken up by cyto- 
chrome oxidase in 3.2 X 10~‘ m cytochrome c and 0.02 m hydroquinone per 
hour per mg. original eggs, dry weight) may be compared with the following 
approximate Qo, values for the living whole eggs: unfertilized, 0.4-0.S; 
fertilized, 2; fertilized optimally stimulated by 4,6-dinitrocresol and other 
substituted phenols (1, 4) which act through the cyanide-sensitive egg 
respiratory system, 7-8. 

Inhibition of Arbacia Cytochrome Oxidase by Carbon Monoxide . — ^The 
initial experiments with oxidase inhibitors were made to determine which 


TABLE I 

Analysis of Arbacia Eggs for Cytochrome Oxidase by Stotz {S) Method at 20^C, Cytochrome c, 
32 X 10~^ m; Hydroquinone, 0.02 M 


Exp. No. 

Date 

i 

Cytochrome oxidate unitt* per mg. dry weight 

Unfertilised eggs 

Fertilised eggs 

134 W 

9-19-40 

1.01 

— 

136 W 

9-20-40 1 

— 

0.83 

137 W 

9-21-40 

0.99 

0.85 

138 W 

9-22-40 

0.95 

0.88 


* The Qoi values corresponding to the cytochrome oxidase units may be obtained by multiply- 
ing the figures in the table by a factor of 10. 


of the respiratory and division blocking agents previously (3) used for eggs 
could be considered to derive their physiological action from suppression 
of cytochrome oxidase activity. It was soon apparent, however, that the 
quantitative reaction of the oxidase to inhibitors was so different from that 
of the fertilized Arbacia eggs as to merit a considerable exploration of the 
properties of the oxidase with the hope that the resulting data might help 
to define the probable enzymic relationships in the living Arbacia eggs. 
The experimental results will first be presented; comparisons of the respec- 
tive reactions of the eggs and the oxidase to inhibitors, together with the- 
oretical considerations arising from the e3q>eriments with the various in- 
hibitors, will be discussed in a separate section below, to which reference 
should be made for definition of terms employed in the captions accompany- 
ing the figures and tables. 

The oxidase activity was strongly inhibited by carbon monoxide in the 
dark (Fig. 3). The inhibition was almost completely reversed (Fig. 4) 
by a carbon arc lamp. The relative inhibition by a given partial pressure 
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Fig. 3. Effect of carbon monoxide in the dark on oxygen consumption at pH 6.8 by 
cytochrome oxidase plus 1.36 X 10~* m cytochrome c with various reductants for cyto- 
chrome c: lAy 0.02 M hydroquinone in air; IB, 0.02 M hydroquinone in 7.5 per cent 
O* — 92.5 per cent CO, K (See Table II) « 3.2. IIA, 0.02 m ^-phenylenediamine in 
air, IIB, 0.02 m /^-phenylenediamine in 6.8 per cent O 2 — 93.2 per cent CO, K - 1.8. 
III^, 0.02 M cysteine in air, IIIJ5, 0.02 m c)rsteine in 6.5 per cent O 2 — 93.5 per cent 
CO, K “ 0.6. TempKjrature, 20®C. 



Fig. 4. Effect of carbon monoxide in the dark and in the light on oxygen consumption 
at pH 6.8 by cytochrome oxidase plus 1.36 X 10-* m cytochrome c plus 0.02 m hydro- 
quinone. A, control in air; B, in 7.5 per cent Oj - 92.5 per cent CO, illuminated for 
period designated; C, in 7.5 per cent O* - 92.5 per cent CO, kept dark throughout 
experiment. 
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of carbon monoxide was apparently not greatly altered by variation in the 
concentration of cytochrome c or the concentration of hydroquinone used 
as reductant for the cytochrome c (Table II). 

In experiments serving as controls for the carbon monoxide experiments, 
the oxidase was found to have full activity in 7 per cent oxygen-93 per 

TABLE n 


ItMbUion cf Arbacia Cytockromt Oxidase by Carbon Monoxide in the Dark at Two Concentrations of 
Cytochrome c and Two Concentrations ef Hydroquinone. Temperature, dOPC. 


Cytochrome c 
concentration 

Hydroquinone 

concentration 

pco 

to» 

Os consumed in 2 hrs. 


CO absent 

CO present 

p^rLXlC* 

moles ptrl. 


e,wm. 

(.MM. 


1.36 


12.2 

139 

29 

3.2 




52 

8 

3.1 

1.36 


14.4 1 

55 

13 

4.5 


TABLE ra 

Inhibition of Arbacia Cytochrome Oxidase by Various Concentrations of Sodium Cyanide at Two 

Concentrations of Cytochrome c wiUt Hydroquinone As Substrate and at One Concentration cf 

Cytochrome c with p-Phenylenediamine as Substrate. Temperature, 20PC.; pH 6.9 


Concenti.tion 
total cyanide 

Os consumed in 
2 hrs. by oxi- 
dase with 1.36 
X 10^ M cyto- 
chrome c and 
0.02 u hydro- 
quinone 

Inhibition 

Os consumed in 
2 hrs. by oxi- 
dase with 0.34 
X 10"» M cyto- 

chrome c and 
0.02 m hydro- 
quinone 

Inhibition 

Os consumed in 
2 hrs. by oxi- 
dase with 1.36 
X 10^ M cyto- 
chrome c and 
0.02 M ^-phen- 
ylenediamine 

Inhibition 

moles per 

c.mM. 

per cent 

c,mm. 

percent 

c,mm. 

Percent 

0 

98 

0 

61 

0 

171 

0 

1 

57 

41.9 

39 

36.0 

73 

57.2 

4 

29 

70.4 

29 

52.5 

50 

70.7 

16 

14 

85.6 

23 

62.3 * 

41 

76.0 

64 

10 

89.8 

20 

67.2 

31 

81.9 

256 

0 

100.0 

0 

100.0 

4 

97.5 


cent nitrogen; it was about 5-10 per cent inhibited in 6 per cent oxygen-94 
per cent nitrogen. 

JnMUtion of Arhacia Cytochrome Oxidase by Sodium Cyanide . — ^The 
oxidase activity was strongly inhibited at very low concentrations of sodium 
(^anide (Table III), the logarithm of the ratio of inhibited to iminhibited 
respiration varying approximately linearly with the logarithm of the cyanide 
xx>hcentration (Fig. 5). The relative inhibition by a given concentration of 
cyanide was apparently not greatly altered by variation in the concentration 
of cytochrome c (Table III) nor by use of ^phenylenediamine instead of 
hydroquinone as substrate. 
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Inhibition of RespircUion and Cell Division of Fertilized Arbacia Eggs and 
Also Arbacia Cytochrome Oxidase by Sodium Azide. — ^To supplement earlier 
experiments (3) with low oxygen tension, carbon monoxide, and cyanide. 



[concentration inhibitor]"^ for: L4, sodium azide at pH 6.8 on cytochrome oxidase plud 
1.36 X 1(H M cytochrome c plus 0.02 m hydroquinonc; sodium azide at pH 6.8 on 
cytochrome oxidase plus 0.34 X 10"® m cytochrome c plus 0.02 m hydroquinone. IIA, 
sodium cyanide at pH 6.8 on cytochrome oxidase plus 1.36 X 10^ m cy tochrome c plus 
0.02 M hydroquinone. II5, sodium cyanide at pH 6.8 on cytochrome oxidase plus 
0.34 X 10"® M cytochrome c plus 0.02 m hydroquinone. IIC, sodium cyanide at pH 6.8 
on cytochrome oxidase plus 1.36 X 10“® m cytochrome c plus 0.02 m ^-phenylenediamine. 
Temperature, 20®C. 

the effect of various concentrations of sodium azide on respiration and cell 
division of fertilized Arbacia eggs was determined and expressed (Fig. 6) 
by methods identical with those previously used for the other inhibitors. 
Attention is directed to two points of interest: First, approximately 50 
per cent of the respiration of the fertilized eggs was insensitive to azide 
imder the present conditions of experiment; secondly, 50 per cent inhibition 
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of cell division occurred at an azide concentration inhibiting respiration by 
only about 10 per cent; complete and reversible inhibition of cell division 
occurred at an azide concentration inhibiting respiration by about 
50 per cent. 

The cytochrome oxidase activity in the cell-free preparation was also 
inhibited by sodium azide (Table IV), the logarithm of the ratio of inhibited 
to uninhibited respiration varying linearly with the logarithm of the azide 
concentration (Fig. 5). The relative inhibition by a given concentration 
of azide was not greatly altered by variation in the concentration of cyto- 
chrome c (Table IV). 


TABLE IV 


InhibUum Arbada Cytochrome Oxidase by Various Concentrations cf Sodium Awide at Two 
Concentrations of Cytochrome c with 0.02 li Hydroquinone as Substrate. 

Temperature, 2ff‘C.; pH 6A 


Concentration 
total aade 

Oi congumed in 2 hrs. 
by oxidase with 

1.36 X 10^ M cyto- 
chrome c 

Inhibition 

Oi consumed in 2 hrs. 

by oxidase with 

0.34 X 10-« 1 C cyto- 
chrome c 

Inhibition 

molds pm LX to* 

c.mm. 

Pm cmU 

cjmm. 

pm emU 

0 

116 

0 

61 

0 

1 

no 

5.2 

56 

8.2 

4 

102 

12.0 

56 

8.2 

16 

90 

22.4 

43 

29.4 

64 

59 

49.0 

28 

54.0 

256 

38 

67.1 

14 

77.0 


Inhibition of Respiration and Cell Division of Fertilized Arbacia Eggs and 
Also Arbacia Cytochrome Oxidase by Sodium Sulfide. — ^To supplement earlier 
experiments (3) with other inhibitors the effect of various concentrations 
of sodium sulfide on respiration and cell division of fertilized Arbacia eggs 
was determined (Fig. 6) . Cell division was 50 per cent inhibited at a sulfide 
concentration inhibiting respiration by only about 10 per cent. Complete, 
but not reversible, inhibition of cell division occurred at a sulfide concen- 
tration inhibiting respiration by about 50 per cent. At the lethal con- 
centration of sulfide the respiration was inhibited by about 80 per cent. 
Owing to the lethal action of the sulfide it was impossible to determine 
from the present experiments whether any fraction of the vital respiration 
was insensitive to sulfide. 

* The cytochrome oxidase activity was also inhibited by sodium sulfide, 
complete suppression of activity being produced at approximately 1 X 10^ 
M sodium sulfide at pH 6.9 (Fig. 7). Experiments of this type, though 
repeatedly carried out, yielded rather unsatisfactory results because, at 
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concentrations above 1 X 10^ m, the sulfide itself was rapidly oxidized 
by the heated and still more rapidly by the unheated oxidase preparation. 



Fig. 6. Oxygen consumption and cell division of fertilized eggs of Arhada punctulata 
in 1, various concentrations of sodium sulfide at pH 7.9; 11; various concentrations of 
sodium azide at 7.9. The reagents were added 30 minutes after fertilization. Tempera- 
ture, 20®C. In Fig. 6 

O 2 consumed in treated eggs 
^ ^ O 2 consumed in control eggs 
Cell division in treated eg gs 
division in control eggs 

In 1, the open circles represent measurements by the direct Warburg method; the solid 
circles represent simultaneous measurements by the Dixon-Keilib method on aliquots 
from the same egg sample. The plain circles refer to one experiment, the circles with 
bar to a second experiment on a different sample of eggs. 

It is not at present clear whether this oxidation of sulfide is catalyzed by 
the cytochrome oxidase or by the echinochrome-protein complexes ac- 
companying the cytochrome oxidase. 
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Fig. 7. Effect of various concentrations of sodium sulfide at pH 6.8 on C3rtocbrotxe 
oxidase plus 1.36 X 1(H m <^ochrome c plus 0.02 m hydroquinone. Temperature, 20®C. 



Fig. 8. Effect of various concentrations of each of seven agents at pH 6.8 on cyto- 
» chrome oxidase plus 1.36 X 10”* m cytochrome c plus 0.02 m hydroquinone. I, 2, 
4-dinitro-(Kyclohexylphenol; II, 2, 4-(^itrothymol; III, 5-isoamyl-5-e^yl barbituric 
acid; IV, phenylurethane; V, sodium diethyldithiocarbamate; VI, iodoacetic acid; VII, 
8-hydroxyquinoline. 
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Effect of Miscellaneous Agents on Arbacia Cytochrome Oxidase . — ^In view 
of the suggestion, made by Keilin and Hartree (17), that cytochrome oxidase 
may be a copper compoimd, the effects of two well known inhibitors of 
cop^r containing enzymes, 8-hydroxyquinoline and sodium diethyldithio- 
carbamate, were tested on the Arbacia cytochrome oxidase. Neither 
produced any inhibition of activity in the highest concentrations soluble in 
the medium used (Fig. 8). In fact, the diethyldithiocarbamate produced 

TABLE V 

Concentration of Sodium Cyanide, Sodium Azide, and Sodium Sulfide Required to Produce 50 Per 
Cent Inhibition of Respiration, Cell Division, and Cytochrome Oxidase Activity of Fertilized 
Arbacia Eggs. Temperature, 20°C. For Method of Calculation Ion and Molecule 
Concentrations See Text and R^erence 21 



Cyanide 

Aside 

Sulfide 

1. Total extracellular concentration of inhibitor for 50 per cent 

wtoles per 
LX 10^ 

moles per 
LX 10* 

moles per 
LX 10* 

inhibition of respiration at pH 7.9 

2. Calculated intracellular concentration of inhibitor molecules 

69 

8200 

350 

at pH 6.8 corresponding to total concentration in item 1 

3. Calculated intracellular concentration of inhibitor anions at 

66 

5.2 

39 

pH 6.8 corresponding to total concentration in item 1 

4. Total extracellular concentration of inhibitor for 50 per cent 

0.3 

650 

25 

inhibition of cell division at pH 7.9 

5. Calculated intracellular concentration of inhibitor molecules 

44 

3200 

130 

at pPI 6.8 corresponding to total concentration in item 4 

6. Calculated intracellular concentration of inhibitor anions at 

42 

2.0 

15 

pH 6.8 corresponding to total concentration in item 4 

7. Total concentration of inhibitor for 50 per cent inhibition of 
cytochrome oxidase plus 1.36 X 10“ ® m cytochrome c plus 

0.2 

250 

10 

0.02 M hydroquinone at pH 6.8 

8. Calculated concentration of inhibitor molecules at pH 6.8 

1.4 

66 

850 

corresponding to total concentration in item 7 

9. Calculated concentration of inhibitor anions at pH 6.8 cor- 

1.3 

> 

0.5 

520 

responding to total concentration in item 7 

0.1 

66 

[ 330 


a large increase in oxygen uptake in experiments with Arbacia egg cjrto- 
chrome oxidase. This may be provisionally attributed to oxidation of the 
diethyldithiocarbamate by the oxidase or by the echinochrome-protein 
complexes accompanying the cytochrome oxidase. Keilin and Hartree 
(18), in a paper appearing after the completion of the present experiments, 
showed that diethyldithiocarbamate is oxidized to tetraethyldithiocarbamyl- 
disulfide by a cytochrome oxidase preparation from beef heart muscle. 
They also showed the latter compound to be a powerful inhibitor of succinic 
dehydrogenase. Incidentally, while oxygen consumption of fertilized 
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Arbacia eggs was affected little or not at all by sodium diethyldithiocar- 
bamate in concentrations up to 4 X 10^ m, the cell division was about 10 
per cent inhibited at 3 X 10~* m and 50 per cent inhibited (partially ir- 
reversibly) at 4 X 10~* M. 

To clarify the results previously obtained on living Arbacia eggs, a number 
of other physiologically active agents were employed with the oxidase 
(Fig. 8). With the exception of sodium chloride (not shown), which pro- 
duced a complete inhibition of oxidase activity in a concentration of 0.6 M 
at pH 6.8, none of the agents produced a substantial inhibition of Arbacia 
cytochrome oxidase activity until concentrations greatly exceeding the 
physiologically active concentrations were reached; this indicates that their 
physiological inhibition of egg respiration and cell division is attributable 
to their action on enzyme systems other than cytochrome oxidase. 

Quantitative Comparison of Effect of Various Agents on Egg Respiration, 
Egg Cell Division, and Cytochrome Oxidase . — ^The concentrations of sodium 
cyanide, sodium azide, and sodium sulfide required to produce 50 per cent 
inhibition of fertilized Arbacia egg respiration, fertilized Arbacia egg cell 
division, and Arbacia cytochrome oxidase have been assembled (Table V) 
from the data of this and a previous paper (3). 

In comparing the effects of these agents on the eggs and on the oxidase, 
it should be noted that cyanide and azide apparently penetrate fertilized 
Arbacia eggs only as undissociated molecules (19) and that the form of 
each of these agents which enters into complexes with metalloporphyrins 
may well be the anion (20). On the basis of theoretical considerations de- 
tailed elsewhere (21) the probable concentrations of anions (CN“, Nj, 
and HS“) and of undissociated molecules (HCN, HNs, and H 2 S) in the 
aqueous phase of the egg cytoplasm have been calculated (Table V), using 
pK' values (22) of 9.2, 4.7, and 7.0 for hydrogen cyanide, hydrogen azide, 
and hydrogen sulfide (first hydrogen). 

It has recently been shown by Fisher and Ohnell (23) that the effects of 
cyanide on a number of physiological processes conform to the equation 

y = iC[CiV]~*, where U is the fraction of function uninhibited, I is the frac- 
tion of function inhibited, [CiV] is the molar total cyanide concentration 
in the medium, and K and a are constants. As an empirical approach, 
while postponing discussion of the probable significance of such numerical 
values until the mechanism of the inhibitor action is better imderstood, 

log [inhibitor concentration] has been plotted against log y for cyanide 
and azide inhibition of cytochrome oxidase (Fig. 5). In these plots the 
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experimental points, though not accumulated specifically to test this pos- 
sibility, are found to conform approximately to a straight line, as demanded 
by the above equation. 

Attempts to Isolate Cytochrome c from Fertilized Arhacia Eggs. — Previous 
qualitative spectroscopic examination of brei from fertilized Arbacia eggs 
after reduction with sodium hydrosulfite failed (3) to reveal the presence 
of cytochrome c. These experiments have now been extended by repeated 
attempts to isolate cytochrome c by the method of Stotz (8). The resultant 
products displayed no specific light absorption at 550 mu and were devoid 
of cytochrome c activity when examined manometrically by the Stotz 
method; control experiments in which known amounts of cytochrome c 
were carried through the testing process showed that cytochrome c, if pres- 
ent, could have been detected in concentrations down to approximately 
2 micrograms per gram of wet fertilized Arbada eggs. On the basis of these 
data and those of Fig. 2, it seems safe to conclude that cytochrome c cannot 
carry a significant fraction of the oxygen consumption of fertilized 
Arbacia eggs. 

Also in extension of previous experiments (5, 7) by the Thunberg method, 
it has been foimd manometrically that the cytochrome oxidase preparation 
has no succinic dehydrogenase activity; succinate, in a final concentration 
of 0.02 M at pH 6.8 and 20*’C., caused no extra oxygen uptake when added to 
Arbacia cytochrome oxidase saturated with added cytochrome c. 

DISCUSSION 

The present experiments were undertaken with a view to establishing a 
basis from which the effects of carbon monoxide, cyanide, azide, and sulfide 
on fertilized Arbacia eggs could be used to clarify the mechanism by which 
energy from oxidative processes is utilized for the support of cell division 
in such eggs. A niunber of facts relevant to this objective have been 
established. 

1. The eggs of Arbacia punctulata contain an enz}mae capable of oxidizing 
reduced cytochrome c. 

2. The amount of the enzyme, as measured by means of its activity 
toward cytochrome c as a representative substrate, is more than sufficient 
to accotmt for the highest rate of oxygen utilization yet observed in the 
intact, living fertilized eggs. 

3. In its rapid reaction with molecular oxygen, its light reversible inhibi- 
tion by carbon monoxide, and its inhibition by cyanide, azide, and sulfide — 
but not by agents forming complexes with copper -the enzyiqe displays 
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properties which are those of an electromotively active iron-porphyrin 
compound. 

4. The enzyme, when acting with cytochrome c as substrate, is com- 
pletely inhibited by C 3 ^anide or azide, just as is the cell division of the living 
fertilized Arhacia eggs. In contrast, the respiration of the fertilized egg 
can be inhibited to a maximum of only about 7(y-80 per cent by cyanide 
and only about SO per cent by azide. 

5. In the equation K — where n is fraction of respiration not 

l-» POi 

inhibited, and pco and poi are the carbon monoxide and oxygen partial 
pressures, the apparent values of the inhibition constant for the action of 
carbon monoxide upon the enzyme in the dark were found to be in the range 
of 0.5 to 5, depending on the concentration of cytochrome c and the nature 
and concentration of the reductant for cytochrome c. The corresponding 
value for the fertilized Arbacia eggs is very much larger than this, being of 
the order of 60 on the assumption that the respiration is completely sensi- 
tive to carbon monoxide. 

6. Previous qualitative observations regarding the low concentration, 
or absence, of cytochrome c in the eggs are confirmed; further quantitative 
observations place the highest possible concentration of cytochrome c at 
a level too low to be of any probable significance for the respiration of 
fertilized Arbacia eggs. 

When considered in conjunction with what is now known regarding the 
combination of cyanide and other nitrogenous materials with iron-porphyrin 
compounds, the present results appear to be of some potential significance, 
not only for respiration of Arhacia eggs, but in explaining the action of 
cyanide on cell respiration in general. 

It was shown by Barron (24) that cyanide forms electromotively active 
hemochromogens when added to certain iron-porphyrin compounds. The 
oxidation-reduction potentials {E^ values at pH 7.0) of such cyanide hemo- 
chromogens are, other factors being equal, much lower (100-300 mv. or 
more) than those of hemochromogens containing the same iron-porphyrin 
nucleus with other simple nitrogenous bases or proteins substituted for 
cyanide in the complex. These observations have recently been extended 
by Davies (20) and the theory has been developed in detail by Clark, Taylor, 
Davies, and Vestling (25). Continuing his previous work (26) on the 
parallelism between oxidation-reduction potential difference between 
catalyst and substrate system on the one hand and catalytic activity on 
the other, Barron (27) also showed that various hemochromogens could act 
as oxidative catalysts if supplied with a substrate system having a potential 
at an appropriate level below that of the hemochromogen. 
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Ib the light of these findings, it appears that the action of cyanide in 
inhibiting cell respiration may be interpreted on the hypothesis that the 
cyanide forms, with the iron-porph)nin of the cytochrome oxidase, a complex 
having a potential lower than that of the original oxidase. Whether or not 
the cyanide complex can then continue in part the function of the oxidase 
will depend, among other factors, on the potentials of the catal}rtic s 3 rstems 
next lower in the oxidative chain. For example, if this system were ex- 
clusively cytochrome c (Ejl at pH 7, + 257 mv. (29)), the cyanide complex 
(£o from pH 5 to 8, —183 mv. for the cyanide complex with blood hemin) 
could not serve as catalyst and the respiration of the cell would be com- 
pletely inhibited. On the other hand, if a catalyst with a potential some- 
what below that of (ytochrome c, and near or suitably below that of the 
cyanide hemochromogen were available, the cell would retain some capacity 
to consume oxygen, with cyanide hemochromogen partially substituting 
for the oxidase.^ On this basis, the residual respiration displayed by certain 
cells in the presence of cyanide would remain, in certain instances at least, 
a metal-catalyzed oxidation and not, as hitherto implicitly supposed, a 
catalysis carried on by metal-free systems. 

With this background in mind, a number of observations regarding the 
effects of cyanide and analogous inhibitors on the respiration and cell divi- 
sion of Arbacia eggs may possibly be given a provisional qualitative 
explanation on the basis of an assumption derived, by analogy, from the 
experimental data on cyanide referred to above. This assumption is that 
the inhibitors cyanide, azide, carbon monoxide, and possibly sulfide, change 
the state of intracellular binding of the iron-porphyrin which initially 
functioned as part of the enzyme acting as the terminal link at the oxygen 
end of the respiratory chain; as a result of the change the potential of the 
iron-porphyrin in its new linkage is lower than in the untreated cell. 
While the data necessary for the further elaboration '^of this assumption 
are not at present available it may be noted that both the ability of any 
given reagent to enter into complex formation with the iron-porphyrin and 
the magnitude of the potential shift obtainable with any given inhibitor 

* The hypothesis here proposed regarding the mechanism of action of cyanide on cell 
respiration is considered by the authors to be an extension, to living systems, of the 
ideas developed by Barron for purely chemical systems. The possibility that cyanide 
(and other analogous) hemochromogens might act as physiological oxygen transfer 
catalysts was, so far as the authors are aware, first explicitly stated by Dr. E. G. Ball 
and one of the authors (M. E. Krahl) during a discussion of an evening paper presented 
at the Marine Biological Laboratory, Woods Hole, on July 18, 1939. The hypothesis 
has been further discussed by Ball (28) elsewhere. 
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depend, among other factors, on the particular structure of the porphyrin 
component. 

It was observed that the vital respiration of fertilized Arbacia eggs was 
about 20 per cent insensitive to cyanide and about 50 p)er cent insensitive 
to azide. On the basis of the above hypothesis, this would be at least in 
part attributable to the difference in potential and in catalytic activity be- 
tween the cyanide and azide iron-porphyrin complexes under the conditions 
operative in the Arbacia egg. 

With each of the inhibitors dealt with in this paper it was observed that, 
at critical concentrations of the inhibitor, cell division was inhibited rela- 
tively more than respiration, finally being completely suppressed at inhibitor 
concentrations which allowed a substantial portion of the respiration to 
proceed. On the basis of the general h 3 rpothesis advanced above, this is 
the result to be expected if the potential of the particular carrier by which 
that fraction of the electron transfer critical for cell division is keyed to the 
oxidase is relatively closer to that of the oxidase than the potentials of other 
carriers responsible for the bulk of the overall respiration. If confirmed by 
independent methods of investigation this suggestion provides a partial 
answer to the principal question posed at the start of the investigation; it 
may help to define the type, and specify the potentials of, certain of the 
oxidative catalysts which make energy available for the cell division cycle. 

It was observed that the carbon monoxide inhibition constant was much 
larger for the fertilized eggs than for the cell-free cytochrome oxidase- 
cytochrome c system. This is what would be expected if the substrate 
for the oxidase in the eggs had a potential substantially below that of cyto- 
chrome c; since the eggs, as shown above, appear to contain no cytochrome c, 
this possibility is open. 

It has previously been observed that the respiration of unfertilized 
Arbacia eggs is completely insensitive to carbon monoxide (30) and is 
relatively less sensitive to cyanide than that of fertilized Arbacia eggs (31). 
On the basis of the general hypothesis advanced above, this means that 
the increase of respiration on fertilization is concerned with the entrance 
of a carrier system having a potential higher than those operative before 
fertilization, establishing a better relationship between oxidase and carrier 
before poisoning but, at the same time, providing an unfavorable relation- 
ship of potential after addition of carbon monoxide or cyanide. 

It is suggested that this may also be the explanation for the fact that the 
endogenous respiration of certmn cells in absence of substrate is insensitive 
to carbon monoxide, the respiration of the same cells becoming carbon 
monoxide sensitive on addition of substrate. 
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It has been observed that the respiration of a number of tissues (32) 
is sensitive to cyanide but not to azide. This apparent paradox is immedi- 
ately resolved, by the present hypothesis, on two grounds: first, the relative 
abilities of cyanide and azide to combine with the iron-porphyrin group 
in question and, secondly, the respective potentials of the resulting com- 
plexes with reference to the next available carrier in the respiratory chain. 

It has been observed (4) that various substituted phenols alter the sen- 
sitivity of fertilized Arhacia egg respiration to cyanide. With the sub- 
stituted phenol alone, without cyanide, the rate of oxygen consumption of 
the eggs rose to an optimum as the concentration of the substituted phenol 
was progressively increased; at still higher concentrations the rate of oxygen 
consumption fell below this optimum and, at sufficiently high concentra- 
tions, below the normal. Suboptimum respiratory-stimulating concentra- 
tions of the substituted phenol induced a respiration relatively more 
sensitive than the normal to cyanide. Greater than optimum concentra- 
tions of the phenol caused the sensitivity to cyanide to fall at first toward 
the normal and then to become less sensitive to cyanide than the normal 
respiration. This is the course of events to be expected if the substituted 
phenol brings into play, at low and suboptimum concentrations, a carrier 
system reacting directly with the oxidase, with high and greater than op- 
timum concentrations blocking or reversing this process and finally bringing 
into play considerable amounts of a carrier having a potential somewhat 
lower than those operating in the egg untreated with the substituted 
phenol. 

It is proposed to conduct further experiments to throw light on this, at 
present, somewhat speculative theory. The theory is advanced only be- 
cause of the large number of hitherto puzzling facts which it appears to 
correlate and because of the numerous interesting experin^ntal suggestions 
to which it gives rise. 


SUMMARY 

1. An enz 3 me capable of oxidizing reduced cytochrome c (*.c. a cyto- 
chrome oxidase) has been obtained from Arbacia eggs. In 0.02 M hydro- 
quinone, the cytochrome oxidase was half activated at a c)dochrome c 
concentration of approximately 4 X 10“* m. The concentration of the 
cytochrome oxidase was found to be nearly the same in unfertilized and 
fertilized eggs, the amount of the enz)me — as measmred by means of its 
activity toward cytochrome c as a representative substrate — ^being more 
than sufficient to account for the highest rate of oxygen utilization yet 
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observed in the intact, living, fertilized eggs, and of the same order as that 
in certain rat tissues. 

2. The Arbacia cytochrome oxidase was strongly inhibited by carbon 
monoxide in the dark, the inhibition being almost completely reversed by 
light. The inhibition constant was not greatly altered by variation in the 
concentration of cytochrome c or the concentration of hydroquinone used 
as reductant for the cytochrome c, having a value of 3 to 5 under the con- 
ditions used. The inhibition constant was about 2 with /)-phenylenedi- 
amine as reductant for the cytochrome c, but apparently had the sur- 
prisingly low value of about 0.5 with 0.02 m cysteine as reductant. 

3. The cytochrome oxidase was completely inhibited by sufficiently high 
concentrations of sodium cyanide, sodium azide, and sodiiun sulfide. It 
was also completely inhibited in 0.6 m sodium chloride. It was not inhibited 
by two inhibitors of copper containing enzymes, 8-hydroxyquinoline and 
sodium diethyldithiocarbamate. It was also not significantly inhibited 
by 2 ,4-dinitrothymol, 2,4-dinitro-o-cyclohexylphenol, phenylurethane, 5- 
isoamyl-5-ethylbarbituric acid, or iodoacetic acid. 

4. Quantitative examination of the fertilized eggs showed that cyto- 
chrome c, if present at aU, occurred in a concentration of less than 2 micro- 
grams per gram of wet fertilized Arbacia eggs. On the basis of these data 
and those of Fig. 2, above, it seems safe to conclude that cytochrome c 
cannot carry a significant fraction of the oxygen consumption of fertilized 
Arbacia eggs. 

It was also found that, in contrast to similar preparations from certain 
other animal tissues, the Arbacia cytochrome oxidase preparation displayed 
no succinic dehydrogenase activity when tested manometrically in the 
presence of excess cytochrome c. 

5. Extending previously reported (3) experiments with other inhibitors, 
the effects of sodiiun azide and sodiiun sulfide on the respiration and cell 
division of fertilized Arbacia eggs were determined, the eggs being initially 
exposed to the reagents 30 minutes after fertilization at 20°C. With either 
reagent cleavage was completely blocked by a concentration of reagent 
which reduced the respiration to approximately 50 per cent of the normal 
level. 

6. On the basis of certain theoretical considerations regarding the pos- 
sible mechanism of action of cyanide and other respiratory inhibitors it is 
suggested that a fraction of the respiration apparently concerned with sup- 
plying energy for division processes in the fertilized Arbacia egg may be 
keyed into the respiratory cycle through a carrier having a somewhat higher 
potential than those which carry the larger portion of the egg respiration. 
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The theory is also employed in an effort to resolve a number of hitherto 
apparently paradoxical observations regarding the effects of cyanide, azide, 
and carbon monoxide on cell respiration. 
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A NEW FORM OF DIFFRACTOMF.TER 

By RICHARD T. COX and ERIC PONDER 
{From The Biological Laboratory, Cold Spring Harbor, Long Island) 

(Received for publication, December 11, 1940) 

'Fhe results of the diffractometer method for measuring the mean di- 
ameter of red cells, originally described by Young in 1813 and rediscovered 
by Pijper in 1919, have hitherto been unsatisfactory for one or another of 
two reasons, or for both, rijper (1919), Berganzius (1921), and Millar 
(1926) used white light, and in the clinical instruments of Emmons, Eve, 
and TTaden the source is again either daylight or an electric bulb. Under 
such circumstances the wave length corresponding to any colored ring is un- 
known, e.g. the innermost ring is red, and corresjxinds, not to a red maxi- 
mum, but to a blue-violet minimum (Allen and Ponder, 1928). Although 
Allen and Ponder showed that the diffraction equations are exact if mono- 
chromatic light is used, the apparatus required (a monochromator in addi- 
tion to the diffractometer) is too complicated for ordinary work; most of 
the investigations since 1930 have accordingly been carried out by Ponder 
and Saslow’s method (1931) in which measurements are made with respect 
to the junction of two colored rings. Again the wave length is unknown, 
an<l the calculations involve a constant obtained by previous calibration 
with monochromatic light. Add to these difficulties as regards wave length 
the fact that in all the methods the measurements are subjective (and the 
intensities which the eye has to observe are very low), and it will be ap- 
preciated that the diffractometer method is not all it might be. 

"^rhe following method avoids these difficulties. ' 

If plane monochromatic light of wave length X is incident normally on 
an opaque disk of diameter d, there are produced by diffraction secondary 
waves having maxima and minima in directions at angles 0 with the incident 
ray such that 

s/irX = d sin 0 (1) 

where z/tt has the values 1.22 and 2.23 for minima of the first and second 
orders and the values 1.63 and 2.68 for maxima of the same orders. If the 
light falls on a number of such disks in the same orientation and randomly 
distributed in a plane, the intensity of the diffracted ray in any given direc- 
tion will be the sum of the intensities of the rays diffi acted in that direction 
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Fig. 1. Diagram of diffractometer. 
For details, sec text 


Fig. 2. The diffractometer and Hg arc 


focal plane of the lens. If r is the radius of the circle corresponding to the 
angle of diffraction d, then 


sin e =» — 7 ^ — (2) 

Vr* +/* 

where / is the focal length of the lens. 

The diffractometer is shown in Figs. 1 and 2. The plane SS' of the dif- 
fracting bodies divides the instrument into two parts. The part below 
^ the plane serves to provide plane monochromatic light of convenient in- 
tensity for visual and photographic observation. The part above the plane 
is a camera for obtaining the diffraction pattern either on ground glass or 
a photographic plate. 
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Light from the mercury arc A passes through a circular window in the 
box B and a heat-filter C, which is a flat-sided flask full of water, to fall on 
a mirror D and to be reflected vertically through another circular window 
in the top of the box B. Above this window is a slot in which moves an 
opaque shutter and two filters, Didymium glass (Corning 512) and Wratten 
G, which can be placed over the window. Above the window the light is 
converged by the lens E set in the lower end of the opaque tube F. This 
lens forms a reduced image of the arc on the diaphragm G. The diaphragm 
is made of copj^er foil and has a hole 0.5 mm. in diameter at its center. 
Above the diaphragm, in the upper end of the tube F, is the lens H with its 
principal focus accurately on the pinhole in the diaphragm G. The light 
emerging from H is thus plane. It is almost entirely monochromatic (at 
least 99 per cent), giving only the green line of the mercury arc. The blood 
film or other diffracting system is inserted in the space SS' above the lens 
II. Above this is the camera. Its parts are the compound lens I, the 
opaque tube J, and the top K, to which are attached rails L to hold a 
photographic plate holder or a piece of ground glass. The lens I is at such 
a distance below the top of the camera that it focuses parallel rays on the 
ground glass or photographic plate. The tubes F and J are blackened on 
the inside. 

The calibration requires a knowledge of the focal length / of the lens 1. 
This is conveniently measured by using as the diffracting system at SS' 
a transmission diffraction grating. A replica grating with 7630 lines per 
inch is convenient for an apparatus of the dimensions shown. The image 
of the first order is formed at the angle 0 such that 

K — D ?\n 6 (3) 

where D is the grating space. D and X being known, 6 may be computed. 
The distance K from the central image to the maximun ma} be measured 
on the photographic plate. The focal length may then oe found by the 
relation 

tan 6 = R/f (4) 

In our instrument,/ — 18.1 cm. 

The material.s used in the apparatus are quite inexpensive. None of the 
optical surfaces below the diaphragm G need be of any quality, since the 
pinhole at G acts as a point source regardless of the shape of the wave front 
incident on it. The lenses H and I should be fairly well corre^'led for as- 
tigmatism, but they require no chromatic correction, since the light is 
monochromatic. In the construction of the equipment only .moderate 
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accuracy is required. The instrument once set up is permanently in ad- 
justment. 

The plates we use are Flastman Kodak astronomical plates sensitized to 
the green line (Type I-G and III-G), developed for 5 minutes in D-19 de- 
veloper at 65° F., washed 2 or 3 minutes in running water, and then <i.xed 
for 10 minutes. 7'he.se plates are very fast-, so that an exposure of 5 seconds 
or less is sufficient. The optics of the apparatus are so arranged that the 
first minimum and the first maximum fall nicely within the exposed area 
of the plate (Fig. 3). 



Fig. A typical diffraction pattern obtained for human red cells in their spherical 
form. The first spectrum image of the green line of the Hg arc (the two symmetrically 
placed spots) appears superimposed on the diffraction pattern, of which the first mini- 
mum and the first maximum can be clearly seen. 

The essentials of the diffraction patterns can be found with a very simple 
form of analyzer (Fig. 4). A I^ange thermopile (supplied by Pfaltz and 
Bauer, New York City) replaces the ocular of a microscope with a moving 
stage in which the plate is held. The thermopile is connected to a gal- 
vanometer (enclosed lamp and scale type, sensitivity about 0.015 micro- 
amp./mm.), with a decade box used as a shunt. The microscope is 
illuminated by a ribbon-filament lamp, and the objective is a high dry (about 
40 X) scanning areas of about 30 //, in diameter. 

Since there is considerable halation round the image of the pinhole, it is 
difficult to find the center from which r is to be measured. We accordingly 
make the red cell preparations (red cells in lecithinated plasma; /.e., in the 
spherical form) on the hack of the diffraction grating, covering the preparation 
with a large coverglass. In this way the two spots which represent the 
first order spectrum of the green line appear symmetrically placed about the 
central sjxit, and superimposed on the diffraction pattern of the cells. The 
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distance between the spots is measured, and this, divided by 2, gives the 
center of the plate. The horizontal transit of the moving stage is then 
moved outwards in the direction of the first minimum, and the reading at 
which the galvanometer reverses its direction is observed (e.g. 20 mm. on 



Fig. 4. I'he simplified microphotometer assembled 


TABLE I 



Bcbt value ! 
/i’ ; 


Diffractometri^ valu'v. 

Man 

«7±7 ; 

80 

91 

83 

82 

Rabbit 

.S7±7 1 

54 

50 

57 

60 

Sheep 

30±.? 1 

29 

3.? 

31 

34 


the galvanometer scale). A jx>int on the galvanometer scale, a few milli- 
meters less than this, is selected arbitrarily (e.g. 17 mm.), and by movini^ 
the horizontal transit first to the outside and then to the inside of the. first 
minimum, two readings on the transit are obtained at which the galvanom- 
eter comes to rest at the selected point. The distance between the two 
transit readings, divided by 2 and added to the lower reading, gives the 
position of the darkest part of the first minimum by interpolation. From 
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this must be subtracted the reading on the transit for the central spot, and 
this gives r. Since we know /, X, and s/tt, d can be calculated from (1) 
and (2). 

The severest test to which the method can be put is to compare the red 
cell volume, calculated from the diffractometrically measured radius of the 
cells as spheres, with the “best value" for volume obtained by other methods 
(hematocrit, photographic, and colorimetric methods (see Ponder, 19v?4). 
Table I shows what the correspondence is. It gives the best value and 
five values, found by diffraction, for the volumes of the red cells of man, 
the rabbit, and the sheep. 

Considering that, in using the microphotometer as described, a change 
of 0.1 mm. on the transit corresponds to a change of about it 5 per cent in 
the calculated cell volume, the averages of the five diffractometric values 
(man, 84, rabbit, 55, and sheep, 31) agree quite well with the best values. 
The apparatus may, of course, be used to give the diffraction patterns of 
circular objects other than red cells, or, if a slit is substituted for the pin- 
hole G, for obtaining the diffraction patterns of hair, silk, wires, etc. 

SUMMARY 

A simple diffractometer is described, in which monochromatic light is 
focused on a pinhole, rendered parallel, and passed through a film of red 
cells or other objects the size of which is sought. The diffraction patterns 
arc photographed on special plates, and the jxisitions of the first minimum 
and of the first maximum are subsequently found by the use of a simplified 
microphotometer. The method gives substantially the same results for 
red cell radius and (calculated) volume as do other standard methods. 
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I 

The quantitation of the visual perfonnance of birds presents a number of 
theoretically attractive possibilities; it has also presented certain technical 
difficulties, which undoubtedly have been responsible in part for the fact 
that little information on this subject has been recorded. Diurnal birds 
are said to have in the retina a receptor population largely or exclusively of 
cones (c/. Menner, 1929), just as such t3q)ically nocturnal birds as the owls 
exhibit a considerable or exclusive preponderance of retinal rods (Rochon- 
Du Vigneaud, 1919; cf. Verrier, 1939). In our examination of responses to 
visual flicker we have been anxious to deal with the behavior of certain 
possibly typical birds. The reasons for this have not been entirely, or 
even decisively, determined by the requirements of the doctrine of visual 
duplexity in vertebrates generally. We have already pointed out in other 
connections (Crozier and Wolf, 1938, 1939) that when a duplex curve of 
visual performance is found to be associated with the presence of a retinal 
population containing both rods and cones one is constrained to describe 
the two branches of the duplex perfonnance contour by means of the 
parameters of their descriptive functions, rather than to associate them with 
intrinsic properties of “rods” and of “cones” as causatiye categories; this 
position is confirmed by the examination of the visual performance of 
vertebrates possessing only one general histological class of photoreceptor 
cells (Crozier, Wolf, and Zerrahn-Wolf, 1938; 1938-39 o; Crozier and Wolf, 
1938-39, 1940-41). 

In another direction the occurrence of simplex performance contours, 
when not complicated by purely accessory structural conditions, permits 
a test of the nature of the analytical function really usable for the descrip- 
tion of such data (c/. Crozier, Wolf, and Zerrahn-Wolf, 1938-39 a, b; Crozier 
and Wolf, 1938-39 6, 1940-41). In most vertebrates the occurrence of 
visual duplexity restricts the usable range of the data for any really ag- 
nificant test by curve-fitting. This is due to the overlapping of. the two 
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populations of sensory effects customarily attributed to the activation of 
rods and of cones respectively, and to the nature of the interaction between 
these (Crozier and Wolf, 1939-40; 1940-41 b). The discovery of additional 
cases in which a simplex visual performance curve can be demonstrated has 
thus a number of theoretically useful aspects. 

Furthermore, since the visual acuity of birds is in general notably high 
one could expect that the performance contour would in general be pitched 
at a comparatively low intensity. This should make possible certain ex- 
tensions of investigations otherwise hampered by the fact that, ordinarily, 
high intensities of illumination are difficult to manipulate precisely for the 
reasonably complete measurement of reaction contours, and if required to 
be monochromatic such intensities are difficult or even impossible to ob- 
tain for experiments of this kind. 

The most generally applicable procedure for the investigation of visual 
capacity in diverse animals is unquestionably that based upon response to 
Sicker. The great majority of animals with image-forming eyes give forced 
reactions to moving patterns in the visual field, provided the rate of the 
movement and the luminous intensities of the parts of the pattern are 
suitably adjusted. Most birds, with the possible exception of owls (c/. 
Bartels, 1931), exhibit eye nystagmus to moving patterns. The head 
nystagmus in doves and pigeons is well known {cf. Visser and Rademaker, 
1934; Mowrer, 1936). For the quantitation of this performance the pro- 
cedure we have used with various other animals (cf. Crozier and Wolf, 
1940-41 a) requires a sufficiently small, reactive bird. We have used the 
Australian zebra finch (Taeniopygia castanotis (Gould) ). The retina of 
passerine birds, for example the sparrows, is usually described as either 
exclusively of cones, or quite predominantly so constituted (cf. Menner, 
1929; Slonaker, 1918). Our study of the zebra finch retina shows it to be 
devoid of rods. The eye has a pecten of good size. The possible sig- 
nificance of the pecten will be considered in connection with other experi- 
ments. 


n 

The zebra finches used for the observations were obtained from Dr. Roy M. Whelden 
of this Laboratory, who has raised several generations of this stock. Four males were 
employed throughout. They proved to be a decidedly homogeneous group, reactively. 
When surrounded by a revolving striped cylinder head nystagmus is easily recognizable. 
The head turns in the direction of the stripe motion, often through more than 180°, 
then rapidly returns to the initial direction; so long as the rotation speed is low enough, 
or the illumination high enough, these motions are regularly repeated. With sufficiently 
high cylinder speeds, or low enough illumination, no nystagmus is seen. 
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Each bird was put for observation into a thin glass cylinder, mounted on a bottom 
and lower part of wide mesh wire netting; the top is a plate of celluloid, cemented to the 
glass, with many circular holes punched in it. Adequate air circulation is essential. 
These cylinders fit neatly inside the striped cylinder of the apparatus producing flicker 
(c/. Crozier and Wolf, 1939-40 b), and are large enough to permit free movement of the 
bird. At an appropriate height in the glass cylinder a wood cross-bar is fastened as 
a perch. 

Before the tests the birds are dark-adapted for at least 45 minutes. Then, with a fixed 
rotation speed of the striped cylinder, the light intensity is slowly increased until the 
characteristic response to the moving stripes can be noticed. At low critical intensities 
(and low levels of flash frequency F) the bird may turn completely around on its perch. 
At higher levels they are seen to be “restless” before arrival at the intensities critical 
for n}rstagmus. There is no difficulty, however, in recognizing the onset of the typical 
repeated head motions; the twisting of the neck so characteristic of many birds when 
viewing an object often appears, and finally the crouching and the opening of the beak. 
In darkness these birds are always quiet, but in contrast to frogs or homed toads (Crosier 
and Wolf, 1939-40 a, 1940-41 a) they are always “on the alert” as soon as the least light 
reaches them. The proper dark adaptation of the observer is of course essential. 

m 

The observations are summarized in Table I. The three measurements 
made on each individual are averaged to give h, and the mean of the four 
values of h is given for each F. The P.E.i’s are for the dispersion of h; 
they would be larger if suitably corrected for the small number of cases, 
but we are concerned simply with the form of the law for P.E.i as a function 
of I„ and with the criteria of internal homogeneity in the measurements. 
The curve shown in Fig. 1 Is not changed if the plotted values of /« are 
obtained by simply averaging the twelve readings at each F; the four birds 
used are essentially equivalent. The first series of measurements, at 
F = 20, gave the result bracketed in Table I and plotted as an open circlet 
in the figures; although was a little high, it does not really depart by a 
significant amount from the value obtained at F = 20 at che conclusion of 
the whole series, as Fig. 2 demonstrates. The observations were arranged 
to show any influence of training during the repeated tests, but no effect 
of this sort can be detected. 

The log /m data of Table I are plotted in Fig. 1. To them has been 
adjusted a normal probability integral (cf. also Fig. 2). The description 
by this curve must be regarded as excellent, particularly in view of the 
comparatively small number of observations at each point. The flicker 
response contour for the finch may therefore be placed with those of Pseu- 
demys (turtle), Sphaerodactylus (gecko), Phrynosoma (lizard), and AseUus 
(isopod) as example of a simplex performance curve; each of these (c/. 
Crozier, Wolf, and Zerrahn-Wolf, 1938, 1938-39 a, i; Crozier and Wolf, 
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1938, 1938-39, 1940-41 a) is also well described by the probability integral. 
In keeping with the simplex character of the curve in Fig. 1, the ratio of 
P.E.ijj to Im is statistically constant (Fig. 3) over the whole range (cf. Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39 a; Crozier and Wolf, 1939-40 a, etc.). 
The band in Fig. 3 is divided arithmetically in half on the ordinate; the 
equality of distribution of the points in the two halves is a test of the homo- 

TABLE I 

Flicker response critical flash intensities for the zebra finch {Taeniopygia castanotis (Gould)) 
at fixed flash frequencies F per second, with equality of light and dark time; log Im (millilamberts) 
gives the mean intensities from three observations on each of the same four male individuals at 
ail points. (The figures in parentheses are from an initial set of exploratory measurements.) 
The dispersions of the individual means are given under log P.E.i^^; these are not corrected for 
the small sample size. 


p 

log/m 

*ogP.E.i^j 

2 

6.7087 

7.1683 

4 

6.3677 

7.7801 

6 

6.6364 

6.0096 

10 

4.1268 

6.5777 

15 

4.6408 

6.5366 

20 

(3.3477 

4.3065) 


3.1389 

6.7853 

25 

3.6246 

4.0811 


3.6694 

4.0623 

30 

3.8919 

4.1854 

35 

2.2463 

4.9473 

40 

2.7037 

3.3724 


2.6431 

3.1410 

45 

1.1086 

3.4946 

48 

1.6168 

3.8106 

50 

1.9630 

2.4428 

52 

' 0.4344 

2.6329 

53 

0.8868 

1.5568 

54 

1.2786 

i.1034 

55 

2.0302 

i.8498 


2.0370 

i.6884 


geneity of the sets of measurements (c/. Crozier and Holway, 1938, 1939-40; 
Holway and Crozier, 1937). 


IV 

• The smoothly symmetrical character of the F— log Im graph in Fig. 1 
indicates the absence of special effects, with ti^ = tj), due to movements of 
the iris, or to the presence of a pecten {cf. Menner, 1938). In this respect 
the curve is similar to that for Phrynosoma (Crozier and Wolf, 1940-41 a), 
although situated at a much lower intensity level, the abscissa of inflection 
t' (3.73) being 2.90 log units less. The slope is also much lower for the 
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finch curve, being only a little greater than that for Pseudemys (Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39 a); by extrapolating the data for the 
dependence of the Psetidemys t' on temperature, for flash cycles with tj, = tj, 
(Crozier^^Wolf, and Zerrahn-Wolf, 1938-39 o; Crozier and Wolf, 1939-40 b), 
T at 42 C. would be about 3.8. This indicates a fairly close parallelism 
between the cone curves for Pseudemys and the finch, as the values of Fmux. 
are also fairly close together (52.6 and 55.25), although the slope of the finch 



Fig. 1. The relation between flash frequency F and log mean critical flash intensity 
(/»), with the light-time fraction - 0.5, for the zebra finch {Taeniopygia castanotis 
(Gould)) (cone retina). Data in Table I. The simplex curve i?»a nu.-<nal probability 
integral. 

curve is greater. In thus comparing the flicker acuity of the finch with 
that of other forms, even when correction is made for body temperature, 
it should be remembered, however, that we are here discussing data in which 
ti = to and the opaque moving bars cover the whole visual field. With 
the presence of the pecten, the sensory effects produced by a single moving 
image might be of quite a different order. An indication in this direction 
might well be given by tests in which tjto is varied systematically; certainly 
we have reason to know that the quantitative dependences of the two 
parameters of the curve sensitive to this variable, namely Fm«. and t', 
are different in different animals (cf. Crozier and Wolf, f939-40c, 
1940-41 h). 


630 STTurPT-TCY FLICKER THRESHOLD CONTOUR FOR ZEBRA FINCH 


Under the conditions of test the simplex cone curve of the finch nms to 
lower critical intensities than does that for Pseudemys, or for man (cf, 
Crozier, Wolf, and Zerrahn-Wolf, 1937—38 a; Crozier and Wolf, 1940-41 ft). 
A commentator might easily venture the thought that in general the 



form of the F — log I curve could be influenced, or even determined, by the 
“visual acuity” curve of the human observer. The latter is unquestionably 
« duplex affair (cf. Hecht, 1937); consequently, having decent respect for 
the probability that serious observers are likely to be rationally sophisticated 
with reference to such a point, it is only necessary to refer to the fact that 
within the low intensity range concerned the observers find (a) spedfic 
types of duplexity in the response contours of diverse vertebrates (cf. 
Crozier, Wolf, and Zerrahn-Wolf, 1937-38; Crozier and Wolf, 1938-39, 
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1939-40 a, b, d, etc.), but also (b) perfectly symmetrical lower ends to the 
visual response contour, in Pseudemys, in the gecko, in Asellus (Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39 b), and in the present data on the finch. 
The simplex or the duplex character of the various measured curves there- 
fore cannot p)ossibly be regarded as due to the visual limitations of the 
human observer. 

The existence of simplex performance contours for certain vertebrates 
permits an empirical test of the proposition (Hecht, 1938) that their F - log 



Fig. 3. The observed variation of critical flash intensity (Table I) is randomly 
distributed in direct proportion to /». 

I curves can be described on the basis of photostationary state equations. 
We have already pointed out that, so far as concerns this situation in gen- 
eral, the properties of the flicker response contour are in unmistakably 
fundamental opposition to the idea that its shape permits deductions as to 
the physicochemical basis of the primary process of receptor excitation by 
light (fif. Crozier, Wolf, and Zerrahn-Wolf, 1938-39 b; Crozier and Wolf, 
1939, 1939-40 a, 1940-41 b). It is of some formal consequence to show, 
however, that when the xmcomplicated rod or cone curve for a vertebrate 
can be obtained with a known precision over an adequate range, it simply 
does not follow the course required by the existing photochemical theory 
of the properties of such data. In discussing this question we have in- 
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sisted on the significance of two quite different kinds of tests, namely: (1) 
those connected with the use of objective tests of curve fitting (with, from 
the classical standpoint, their inevitable limitations arising from the use 
of homogeneous data); these cannot be used at all, of course, unless the 
standard deviations of the measurements are known; and (2) those tests, 
theoretically much more significant, which» involve experimentally deter- 
mined properties of parameters in proposed descriptions. 

With respect to tests of the second kind it must be said that the definite 
results of experiments involving the alteration of temperature, light-time 
fraction in the flash cycle, and other variables, are fundamentally opposed to 
the photochemical h 3 qx)thesis (c/. Crozier, Wolf, and Zerrahn-Wolf , 1938-39 a, 
etc.; Crozier and Wolf, 1939, 1939 40 a, 1940-41 6). Nevertheless 
it is important to demonstrate that, just as for other simplex response 
contours obtained (Crozier, Wolf, and Zerrahn-Wolf, 1938-39 a), the curve 
for the zebra finch, while being entirely consistent with description by a 
probability integral (Figs. 1 and 2) simply fails to be fitted by the stationary 
state equation. The demonstration involves two major considerations: 
(1) in vertebrates to which the photochemical stationary state formulation 
has been applied only the upper portion of the cone curve is directly exposed 
for analysis; the portion of this segment which is uncomplicated by the 
participation of rod effects may be really very small (c/. Crozier and Wolf, 
1939-40 d, etc.); and (2), the shape of the low intensity rod segment of the 
typically duplex curve is commonly, in man for example, the result of a 
complex interaction with cone effects, as suitable elementary experiments 
amply demonstrate (e.^., Crozier and Wolf, 1940-41 6, etc.). Consequently, 
from the standpoint of mere curve-fitting, a primary significance attaches 
to the precise shape of the simplex contour for flicker recognition by a 
vertebrate, when this can be ascertained. Under the conditions of the 
present experiments it can be asserted that each F is effectively constant; 
we know that for any single measurement of /c it is within less than 0.1 of 
the assigned value, while the precision with which is determined is given 
by the fact that ciiog/^ is shown to be effectively constant. It follows that 
on a plot of log /«, vs. log F systematic departures from the stationary state 
equation have a significance very simple to test. The nature of the function 
is such that the tails are the most sensitive and significant regions. 

^ In Hecht^s (1938) scheme for such phenomena the finch data fall most 
nearly into line with his equation 

Ik\fk% " — -c)"*, 

when « = w = 2. For n ^ with any value, this equation is of course 
identical with the logistic F/Fm»x. = 1/(1 + {cf. Crozier, Wolf, 

and Zerrahn-Wolf, 1936-37; and Crozier and Wolf, 1939; 1939-40 a). 
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Consequently a plot of the data on a logistic grid should at once reveal the 
degree to which this particular formulation is adequate. It is apparent in 
this plotting that, as for Pseudemys and Asellus (Crozier, Wolf, and 2^rrahn- 
Wolf, 1938-39 6), the deviations are systematic and insup>erably great. 
Therefore on this purely formal ground the photostationary state equation 
for the flicker response contour is to be rejected. Above F = 0.2 
the description might not be regarded as impossibly bad, by criteria of mere 
inspection; this helps to explain why it has been found acceptable for the 
cone curves of vertebrates showing visual duplexity, since here the lower 
end of the curve is of course masked. 

V 

SUMMARY 

The flicker response contour has been determined, with equality of light- 
dark time ratio, for the diurnal bird the Australian zebra finch. This bird 
has only cones in the retina. The curve of log critical intensity as a func- 
tion of flash frequency is simplex, a normal probability integral. In this 
respect it is like that for other vertebrates not exhibiting visual duplexity. 
The parameters of the curve most closely approach those for the turtle 
Pseudemys (extrapolated to about the same temperature); it is not im- 
probable that the approximation of these two curves would be less close 
for other values of the light-time fraction. Some points of interpretive 
visual theory are discussed in relation to the present measurements. 
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I 

The use of the light-time fraction in the flash cycle as a variable permits 
a test of the nature of the visual flicker recognition contour, and helps to 
define the properties of the analytical elements which its investigation re- 
quires. To be really meaningful, such use depends on the determination 
of F-log I contours over as wide as possible a range of flash frequency and of 
flash intensity. The information on this subject, for the human observer, 
has been fragmentary and superficially somewhat confused; discussions of 
the photochemical hypothesis of intensive discrimination {e.g., Hecht, 1937, 
1938) have usually avoided reference to such data, although their general 
significance is as direct and fundamental as are the data on the influence of 
temperature (c/. Crozier, Wolf, and Zerrahn-Wolf, 1936-37 b, c\ 1938; 
1938-39; Crozier, 1939; Crozier and Wolf, 1938-39 h, c; 1939 a, b; 
1940-11 a, c). 

Reasonably complete F-log I curves with differing proportions of light- 
time (ti) to dark-time (to) in the flash cycle, using demonstrably homo- 
geneous measurements, should be significant in several different ways: (1) 
in establishing the non-specific direction of the shift in the general position 
of the curve; (2) as a test of the efficacy of the methMs proposed for th; 
analysis of the human F-log / contour (cf. Crozier, Wolf, and Zerrahn- 
Wolf, 1936-37 a; Crozier and Wolf, 1940-41 c); and thus (3) for the meas- 
urement of the dependence of the parameters of the underlsdng function on 
the percentage light-time; this cannot be done with data obtained at a single 
flash frequency or at one flash intensity, but requires use of the practically 
complete contour; and (4), for the study of the real nature of the low'er 
branch of the hiunan flicker curve, commonly presumed to represent quan- 
titatively the properties of retinal rods (rf. Hecht, 1934, 1937). This last 
point turns out to have a number of especially interesting consequences; 
it is pursued further in the following paper (Crozier and Wolf, 1940-41 d). 

We have used the visual discriminometer already described (Crozier 

635 



636 


THEORY AND HEASXJREMENT OE VISUAL MECHANISMS. V 


and Holway, 1938-39 o) for the production and control of interrupted light 
(cf. Crozier and Wolf, 1940-41 c). The outer of the two right-hand beams 
(c/. Crozier and Holway, 1938-39 a, Fig, 1) was brought to a focus by means 
of a suitable lens beyond the mirror P, in the plane of an accurately cut 
black metal sector-disc rotated by the gear-shaft system already described 
(Crozier and Wolf, 1940-41 c). The additional feature of the present ex- 
periments lay in the use of a series of the sectored discs giving different 
proportions of light-time to dark-time in the flash cycle. The disks had 
either six or eight open sectors, and the dimensions and the optical prop- 
erties of the system were such that sharp and complete cut-off of light 
was secured, even with = 0.1 -1- /o). The series of disks provided 

ti = 10, 25, 50, 75, and 90 per cent of the flash cycle time. The design of 
the sectors and the driving gear system was chosen to give flash frequencies 
up to 80 flashes per second within the range of shaft speeds favorable to 
precise control by our magneto-millivoltmeter system (cf. Crozier and Wolf, 

1939- 40 6; 1940-41 c). The size of the square field, centrally fixated, was 
the same as that used for the preceding paper (Crozier and Wolf, 

1940- 41 c ) ; W. J. C. served as observer, and in fact the (monocular, left 
eye) data for = to already used form an integral part of the series of 
measurements here considered. For the present purpose only monocular 
observations were taken (left eye). 

The procedure, preliminary dark adaptation, and methods of calculation 
are reviewed jn the preceding paper. With flash frequency F fixed, flash 
intensity is slowly increased from a level well below the fusion intensity, 
imtil the observer signals recognition of flicker. The intensity critical for 
flicker is a more reliable end-point than that for fusion. The readings at 
each F are taken in sets of 10, in rather rapid succession. For each series of 
readings observations are begun after suitable preliminary dark adaptation 
(25 to 60 minutes, depending on the F level), with lowest F used first and 
higher values in succession. 


n 

Table I contains the data for the present discussion, with the exception of 
those for ti = 50 per cent; the latter are contained in Table I of the pre- 
ceding paper (Crozier and Wolf, 1940-41 c), and are also used in Fig. 1. 

Fig. 1 shows that as the light-time fraction is decreased the curve as a 
whole is moved toward lower flash intensities, and that the maximiun level 
to which it rises increases. This is in agreement with the effects already 
obtained with lower animals, and in the really comparable earlier experi- 
ments with man (cf. Section III). There is only slight, but systematic. 
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change, however, in the morphology of the lower branch of the duplex curve. 
It is noteworthy that certain curious minor details of the structure of the 
low (“rod”) segment of the F-log /„ curve are persistently present, although 
they might well be taken at a first glance to be no more than the result of 
“experimental errors.” They have no correlation with the use of par- 
ticular filters for the control of intensity. Their homologues appear also 
as shown in a subsequent paper (Crozier and Wolf, 1940-41 d) when “mono- 
chromatic” lights are used, — in certain cases in accentuated form; as shown 
in our studies of monocular and binocular excitation (Crozier and Wolf, 
1940-41 c) they are not peculiar to one observer. They receive a natural 
explanation in the analysis of the duplex contour given in Section IV. 

It should be stated here that in securing the data of Table I, as in other 
experiments conducted in the present program, the sets of readings for any 
given contour have been taken in overlapping groups on the F coordinate, 
so that systematic shifts due to practice and (so far as possible) the effects 
of day-to-day fluctuations and changes have been guarded against. The 
closeness of agreement in duplicate F measurements (Table I) taken on 
different occasions is a guarantee of success in this respect; the only con- 
siderable differences occur in the region of the flat “shoulder” of the bipartite 
curve, where they are clearly to be expected. The order in which the five 
curves were obtained was — 0.50, 0.25, 0.75, 0.10, 0.90. 

In some careful work on the form of the F — log / curve it has been found 
(Hecht and Verrijp, 1933-34; Hecht, Shlacr, and Smith, 1935; Hecht and 
Smith, 1935-36; Ross, 1938) that at its upper end the curve bends over, so 
that F — log / is not monotonic. We were at first inclined to believe that 
this represented a normal aspect of the flicker contour (Crozier, Wolf, and 
Zerrahn-Wolf, 1936-37 h), which might explain the nature of the declining 
“rod” curve in visually duplex animals; its susceptibility^ to the presence of 
a retinal “surround,” and to the size of the field, would not have interfered 
with this view,— any more than in the analogous case of intensity discrimina- 
tion (c/. Crozier, 1940 h). But we have not been able to detect the existence 
of the bend even in an animal with purely rod retina (c/. Crozier, Wolf, 
and 2^rrahn-Wolf, 1936-37 a; Crozier and Wolf, 1938-39 c, 1940-41 c); 
it is not present in any of the purely cone vertebrates we have tested, even 
when the curve is favorably located on the intensity scale (c/. Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39; Crozier and Wolf, 1939-40 b, 1940-41 ft); 
and a more satisfactory explanation for the declining rod cmve in duplex 
performance contours is now available (c/. Crozier and Wolf, 1938-39 a, and 
Section V of the present paper). We are required to believe thali the drop 
which has been described for the upper end is not a part of the essential 



TABLE I 

Mean critical intensities (as log Imt miUilamberts) for recognition of flicker, as a function of 
flash frequency F per second, with different proportions of light-time in the flash cycle; 10 obser- 
vations at each point; is for the dispersion of the 10. Monocular (left eye), W. J. C. 

White light. Field 5** square, centrally fixated. 


Il» 


p 

“ 1 

25 

75 

90 


log/in 

log 

log/m 

log P.E.I 

h 

log/« 

log 

log/m 

log 

2 

6.3016 

7.8261 

6.6970 

7.9830 

4.3686 

5.7423 

4.6821 

5.2880 


6.3368 

7.8589 



4.2918 

6.7931 



3 

lj.4061 

17.6996 

6.7306 

6.1535 

4.4524 

6.8695 

4.7760 

S.0780 

4 

6.4761 

6.3405 

6.7880 

6.1551 

4.6107 

6.8018 

4.8340 

5.2907 

5 

6.6276 

7.8909 

6.8602 

6.3449 

4.6981 

6.9490 

4.9188 

5.3866 

6 

6.6020 

7.8508 

6.9664 

6.3680 

4.6807 

6.9947 

3.0146 

5.3780 

7 

6.7008 

6.0098 

4.0290 

6.5050 

4.7464 

5.1553 

3.0842 

5.4385 

8 

6.7473 

6.2487 

4.1109 

1^.3319 

4.7981 

5.5770 

8.1468 

5.6642 

9 

6.8721 

6.0475 

4.2201 

6.6583 

4.9024 

5.2984 

3.2296 

5.6401 

10 

6.9068 

6.4283 

4.2742 

6.5700 

3.0384 

5.5520 

3.3476 

5.7938 

11 

4.0212 

6.5327 

4.3624 

6.9571 

3.0934 

5.3908 

3.4067 

4.1744 

12 

4.0931 

6.5342 

4.4462 

6.7331 

3.1729 

5.5854 

3.6386 

5.9108 

13 

4.1836 

5.1336 

4.6309 

5.1001 

3.2786 

5.7004 

3.6077 

4.0136 

14 

4.2467 

6.5752 

4.6266 

5.0648 

8.8862 

5.7331 

8.7167 

14. 1770 

15 

4.3664 

6.7862 

4.7310 

5.0991 

3.4794 

5.9490 

3.7748 

4.2426 

16 

4.6111 

6.9174 

4.8873 

5.4038 

8.6360 

4.2114 

8.9462 

4.2943 

17 

1.6872 

5.1553 

3.0212 

5.2548 

8.7931 

4.1866 

2.1416 

4.5308 

18 

4.8447 

5.3556 

3.2236 

5.5487 

2.0017 

4.4277 

13396 

4.6807 

19 

3.0899 

5.4063 

3.4863 

5.8573 

2.2376 

4.7437 

2.6936 

3.0319 




3.4923 

5.6609 



2.6711 

3.0450 

20 

3.7679 

4.2963 

2.1139 

4.6774 

i.0748 

3.6284 

i.4128 

3.8168 


8.4373 

5.8924 

2.1099 

4.5385 

i.0611 

1.4356 






2.1380 

4.5988 





22 

2.2638 

4.8174 

2.6236 

3.1556 

i.4227 

3.8381 

i.7439 

2.1413 




2.6079 

4.9433 





25 

2.4944 

3.0475 

2.8691 

3.1617 

i.6439 

2.2475 

0.0120 

2.4696 




2.8764 

3.5540 





28 

2.7806 

3.0574 

i.l082 

3.7486 1 

1.8691 

2.2332 

0.1749 

2.4604 

30 

2.8967 

3.5180 

i.2690 

!.8215 

0.0103 

2.4511 

0.3606 

2.8742 




i.2694 

2.0408 





33 

i.l242 

3.5914 

i.4689 

3.8132 

0.2176 

2.5342 

0.6084 

2.9756 

35 

i.2801 

3.8132 

i.6160 1 

2.1374 

0.8936 j 

2.7479 

0.6929 

1.2278 




i.6221 

2.1966 





38 

i.4691 

3.9978 

i.8232 

2.3315 

0.6804 

1.0506 

0.9362 

i.4693 

40 

i.8440 

7.3208 

i.9736 

2.3199 

0.8004 

i.1263 

1.1888 

i.4541 


i.6448 

3.8819 

0.0124 

2.4806 





43 , 

i.9681 

7.4087 

0.3346 

2.8403 

1.0822 

1.4153 

1.3691 

i.7661 


0.1464 

7.5864 







45 

0.1901 

7.8721 

0.6476 

2.8653 

1.2667 

i.73S9 

1.6063 

0.1626 




0.6188 

1.1028 





48 

0.6166 

1.0327 

0.8978 

i.5589 

1.7183 

0.4631 

2.0103 

0.5916 

49 



1.0496 

1,4153 
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TABLE 1 — Cottduiti 



per c«nt 

p 

10 

25 

75 

1 90 


log/m 

logP.E.i^^ 

log/m 

logP.E.i^^ 

log fm 

log 

log/m 

log P-E.I^^ 

50 

0.9669 

1.6432 

1.2639 

i.6383 

2.0667 

0.4814 

2.3806 

0.9385 




1.3346 

1.5530 








1.3273 

i.7581 

2.2096 

0.5262 

2.6630 

1.2829 


1.1183 

1.5038 

1.6167 

0.2190 

2.3922 

1.0440 

2.8766 

1.4835 






2.6460 

1.1825 

3.3604 

1.9061 




1.7733 

0.2190 

3.1169 

1.6918 






1.8642 

0.5577 






1.6631 

0.4004 

1.7368 

0.3206 








2.2322 

0.6558 








2.7640 

1.3301 








2.7646 

1.6056 





59 

2.6797 

1.2100 







60 

3.7816 

2.5973 








3.2360 

1.7118 









Fig. 1. Log critical intensity of flash as a function of flash frequency, for five 
values of the light-time fraction <£/(/* + to). Monocular (left eye, W. J . C.), white light, 
6.1® square centrally fixated; for ti, - 0.50, measurements from Crozier and Wolf, 1940- 
41 c; data of the other four curves from Table L Curves drawn free-hand. 




3 


1 


3 


I 

^03 Ijn 

Fig. 2. /«• and P»E,ii^ are in direct, rectilinear proportion, for each value of the light- 
time fraction; data in Table I. For each value of the light-time fraction the intercept 
at log P.£.i/ » 2.00 is indicated, and is essentially the same. See text. 
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phenomenon, but represents either some kind of artifact or a complex effect 
of the use of flicker fusion as an end-point, — at least within the range of 
intensity here involved. 

The readings of critical intensity were taken in sets of 10 at each F. 
The averages of these 10 are entered in Table I, together with the P.E.’s 
for the dispersions. At each value of tjto the relation between Im and P.E.i 
is one of rectilinear proportionality, as proved by Fig. 2: log I^vs. log P.E.i 
gives a band with parallel edges and a slope of 1. Using the full eye, or a 
sufficiently large retinal field, the characteristic form of this plot for various 
visually duplex animals exhibits a distinct “break” at the intensity cor- 
responding to the complete suppression of the rod effects (c/. Crozier, 
1935-36; Crozier, Wolf, and Zerrahn-Wolf, 1936-37 a; Crozier and Wolf, 
1940-41 c). We cannot be certain of it as yet, but we may suspect that 
the size of field used in the present experiments, leading to a small rod group 
of effects, is responsible for the absence of discontinuity in the plots of Fig. 
2 (c/. also Crozier and Wolf, 1940-41 c, d). 

The absolute size of the proportionality constant (mean P.E.i//m) is 
0.0340 ± 0.005 (corresponding to an average precision of each mean I of ca. 
1 per cent) ; this is a little less than the corresponding quantity for our de- 
terminations of A/ (c/. Crozier and Holway, 1939-40), but does not differ 
significantly from the value already gotten from flicker experiments with 
the same observer using an entirely different type of apparatus and method 
for the adjustment of the critical intensity (Crozier, Wolf, and Zerrahn- 
Wolf, 1936-37 a) ; it is not really a smaller precision than that apparent in 
our flicker experiments with lower animals, because there the method of 
calculation of /« is not the same. 


ni 

For such sufficiently different animals as the sunfish Enneacanthus 
(Crozier, Wolf,and Zerrahn-Wolf, 1936-37 c), nymphs of the dragonflyA«a* 
(Crozier, Wolf, and Zerrahn-Wolf, 1936-37 b; Crozier and Wolf, 1938-39 d)» 
and the turtle Pseudemys (Crozier, Wolf, and Zerrahn-Wolf, 1938-39; 
Crozier and Wolf, 1939-40 b) it has already been shown that changes of the 
light-time fraction in the flash cycle lead to modifications of a consistent 
type in the F — log I contours. With increase of the ti proportion the curve 
is reduced in ordinate extent and moved toward higher flash intensities. 
The fundamental shape of the curve is not changed, however. The rather 
widely separated rod and cone portions of the duplex contour for tne sunfish 
are enlarged in about the same way, quantitatively, when is reduced — 

although these two segments are affected in different ways when the* temper- 
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ature is changed (despite the identity of their temperature characteristics for 
the extent of shift; Crozier, 1939; Crozier and Wolf, 1938-39 b). With Anax 
the shape of the lower part of the F — log I curve does change when ti/to 
is modified, but this is a secondary, mechanical consequence of the convexity 
of the optic surface (c/. Crozier, Wolf, and 2^rrahn-Wolf, 1937-38 c; Crozier 
and Wolf, 1939 c). 

When ti/tj) is changed the /s'— log I contour alters in such a way that 
Fma. decreases while the abscissa of inflection (log /inn. = r') increases as 
the percentage light-time is made greater. The spread constant t/iot x, 
computed for Fma. — 100 per cent, does not change. These are the three 
parameters of the normal probability integral which describes the de- 
pendence of flash intensity upon flash frequency. Empirically, F m^, and 
t' is each a rectilinear function of + tp). 

For human flicker responses the qualitative situation is the same, for both 
foveal and extra-foveal regions (Ives, 1922; Pi6ron, 1928; Cobb, 1934; 
Bartley, 1937; Ross, 1938), provided one is really dealing with a light-dark 
cycle and not with cyclic alternations of intensities of illumination (c/. 
Pifiron, 1928, 1935; Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a). For 
certain purposes it has been the practice (Pi6ron, 1928; Cobb, 1934; Ross, 
1938) to deal with the relations between fusion frequency and the light-time 
fraction at “constant brightness.” Objection to this procedure, which 
involves compensating for the light-time fraction by increasing the flash 
intensity on the basis of the Reciprocity law, is that it assumes that this 
rule really applies at the critical fusion frequency; in fact it does not. When 
the data are considered simply in terms of flash intensity, without this 
“adjustment,” their analysis presents no difficulty (Crozier, Wolf, and 
Zerrahn-Wolf, 1937-38 a, b; Crozier and Wolf, 1940-41 c). 

The theory proposed for the explanation of the dependence of the F — log /« 
contour on the light-time fraction (Crozier, Wolf, and Zerrahn-Wolf, 1937- 
38 a) considers that in a given population of potentially excitable neural 
elements, giving a frequency distribution of dF/d log /, the size of the popu- 
lation is enlarged by increase of the percentage dark-time. On this view 
the maximum value of F should be a direct, rectilinear function of the 
percentage dark-time; and also, the abscissa of inflection of the F— log / 
curve should decline in the same way. These phenomena are observed 
(Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a, b; Crozier and Wolf, 
1940-41 c). In relation to the probability integral form of the F— log I 
curve the reason for these findings may be visualized in terms of the pro- 
portionately greater chance of any given flash finding a particular element 
potentially excitable when the dark intervals are longer. It is to be kept in 
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mind that the “elements” of this discussion are defined in terms of dFji log /„ 
along the contour for recognition of flicker. They have been pictured 
as frequencies of nerve impulses (Crozier, 1939). If the basic excitabilities 
of the neural units producing these elements of excitability form a homo- 
geneous population, the F — log / curve should not suffer change in Fm«x. or in 
shape when the temperature is altered, but r' should exhibit as a function 
of temperature the properties of the mechanism governing excitability; 
these phenomena are also found (Crozier, 1939; Crozier and Wolf, 1940-41 c; 
and earlier papers). It likewise follows from the statistical conception of 
the nature of the F — log / curve that when tjti, is changed the shape con- 
stant r'log 7 with Fmax, 100 should be independent of ti/tjj, as found 
(Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a, b; Crozier and Wolf, 1939- 
40 fc). 

It will be shown presently that the rule obtains for the data on man, 
with a complication in the rod segment of the curve due to the peculiar and 
significant interplay of rod and cone effects. Since the type of law is thus 
the same for dragonfly n 3 mph, sunfish, turtle, and man the foundation for its 
generality must be presumed due to a common feature of organization, 
namely the statistical character of the production of sensory effects re- 
sponsible for the intensive discrimination involved in the recognition of 
flicker. 

The increasing efficiency of briefer flashes (at constant cycle time) in 
forcing the reaction of flicker recognition cannot be quantitated by con- 
sidering the flash intensities (or the equivalent brilliances) at any fixed F, 
because (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a, b) this function 
depends on the level of F selected. It is necessary to have the full range of 
F— log I for various values of ti/to before interpretation is possible; our 
present human data run much more nearly over the explorable range of 
and of intensity than have those hitherto available. ’ It should be 
pointed out, however, that the increased effectiveness of a given intensity 
with prolongation of dark-time (cf. Cords, 1908) can be pushed to a con- 
siderably greater value by employing electrical excitation of the retina, 
and thus using values of the duration of excitation smaller than the t£/to = 
1/9 to which we are limited in the present experiments; fusion frequencies 
as hi gh as/ = 98 to 172 have been obtained (Cords, 1908; Bouman, 1935). 
A d 3 mamical parallel is of course provided by the increase of photosynthetic 
efficiency of fla-shing light when the light-dark ratio is decreased (r/. War- 
burg, 1928; Emerson and Arnold, 1931-32; Arnold, 1935; Pratt and 
Trelease, 1938). 



644 THEORY AND ICEASDREMENT OR VISUAL HECHANISMS. V 


IV 

The analysis of the curves in Fig. 1 is made in the way followed in earlier 
conunimications {cf. Crozier and Wolf, 1940-41 c). The high intensity 
segment of each of the curves in Fig. 1 is described by a normal probability 
integral. These, together with the curve for tjto = 1, are shown in Fig. 3. 
Their extrapolations toward F = 0 (Fig. 8) give the basis for the dissection 
of the rod contributions to the lower segments of the curves in Fig. 1. 

Recognizing that there is a variable uncertainty in the adjustment of 
the lines on the probability grid, and that there is apparently a real temporal 
fluctuation in the parameters of the function, it is fair to conclude that the 
slopes of the five lines in Fig. 3 do not differ significantly. Certainly they 



Fig. 3. The upper segments of the data in Fig. 1 put on a normal probability grid; 
the five lines displaced laterally for clearness. See text. 

do not change systematically as a function of It can be pointed out 

that the subsequently determined properties of the several rod curves 
(Section V) supply a significant check upon the propriety of the lines drawn 
in Fig. 3. Hence the parameter <r'io* / is judged to be independent of the 
percentage light-time. 

Fig. 2 demonstrates that from the standpoint of the relation between 
and P.E.i/, the measurements of each series are not of course homo- 
geneous in the sense that the band on the log — log plot is divisible arith- 
metically into two zones with equal numbers of points (cf. Holway and 
Crozier, 1937 ; Crozier and Holway, 1938, 193940) ; since sets of readings 
were necessarily taken at different sittings, the population of P.E.’s is not 
homogeneous; hence a division of the log width of the scatter band into half 
gives equally populated zones. The extent of the relative scatter of the 
variation index at any level of Im is a function of ti/h} hut its mean value 
is not — as is readily seen in Fig. 2. In correlation with the increased scatter 




W. J. CROZIER AKD KSNST WOLF 


645 


of P.E.i/, as the light-time percentage decreases, we note that in Fig. 3 
the log /m'width of the scatter band decreases steadily as we pass from 
h — to 0-9 (Table II), We note also that this is related to the fact 
that the total size of the populations of excitable elements (s ) de- 
clines in just the same way, so that within the limits of precision of the 
measurements the scatter ratio for (arithmetic) is directly propor- 
tional to A better way of showing this (F ^., and <£,/(<£ H- to) being 



Fig. 4. The ordinate breadth X of the scatter band for log P.E.u (from Fig. 2) is a 
declining rectilinear function of log (per cent light-time). 

TABLE II 


The values of the asymptotic Fmax. taken for the curves in Fig. 3; the corresponding values 
of the abscissa of inflection (rO, for different light-time percentages; and, from Fig. 2, the ordinate 
height of the scatter-band for P.E.i on the log scale. See text. 


•t 

Foux. 

r* 

X log P.E .1 

per cent 

per sec. 



10 

59.8 

2.98 

0.75 

25 

58.3 

i.l8 

0.63 

50 

56.0 

1.49 

0.58 

75 

55.65 

1.85 

0.48 

90 1 

54.2 

0.12 

0.47 


in direct proportion — Fig. 7) is to take the vertical breadth X log P.E.i of 
the bands in Fig. 2 as a function of the fixed values of the percentage light- 
time. Since, as Fig. 4 shows, X log P.E.i is rectilinearly related to log 
[tJih + ^d)]> the ratio of the upper to the lower limit of relative scatter 
of P.E.I changes at the same proportionate rate as does the percentage 
light-time. 

This same type of direct correlation between the latitude of scatter 
(Fig. 3) and the size of the total population of potentially excitable elements 
is systematically exhibited in other connections,— for example, in the 
measurements of dark adaptation (Crozier, 1940 a); in a slightly different 
way it is shown by the comparison of monocular and binocular data on 






Fig. 5. Fmmx. as a function of percentage light-time. (The departures from rectili- 
nearity are not significant.) 





Fig. 6. The abscissa of inflection (r') of the high intensity F-log Im curve is directly 
proportional to the percentage light-time. 



Figs. 5 and 6), for different light-time fractions. 
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intenaty discrimination (Croaer and Holway, 1939-40) and on flicker 
(Croaer and Wolf, 1940-41 c). It has an important connection with the 
doctrine that the capacity to vary discriminative performance is organically 
determinate (Crozier, 1936; 1935-36) and governs the magnitude of the 
intensity threshold for discrimination. 

We have already indicated that the asymptotic level of F and the 

abscissa of mflection r' are expected (Table II) to be (reversed) rectilinear 
functions of the percentage light-time, and therefore themselves in direct 
proportion. Figs. S, 6, and 7 show that these expectations are satis- 
factorily met in the data. The dependence of and of t', on the 
light-time percentage differs quantitatively in the several animal forms 
examined; for vs. the proportionality constant is greater in the 
present observations than with Anax or turtle, much less than with the 
sunfish; as regards r', it is less than for any of these, all tested with white 
light (but is found to be even much lower when colored light is used — Crozier 
and Wolf, 1940-41 d). 


V 

The uncovering of the putative rod component of the duplex F— log 7 
curves (Fig. 1) has been carried out by the methods earlier described 
(Crozier, Wolf, and Zerrahn-Wolf, 1936-37 o; Crozier and Wolf, 1940-41 c), 
already used for various other vertebrates (Crozier, Wolf, and Zerrahn- 
Wolf, 1937-38 a; Crozier and Wolf, 1938-39 a, 1940-41 d, etc.). The sliest 
irregularities in the form of the curves in the rod region are individual and 
persistent; they are also found in our work with colored lights; the raw data 
do not conform to any simple function {e.g., Hecht, 1937) ; when a simplex 
visual population of neural effects can be examined it provides a simple 
normal probability integral over the whole range (Crozier, Wolf, and 
Zerrahn-Wolf, 193^39; Crozier and Wolf, 1938-39 c,’* 1940-41 o, 6); 
the use of monochromatic beams in a flash cycle with large light-time ratio 
enables us to be sure that in the lower rod of the F — log I curve the occurrence 
of subjective color must by classical criteria be presumed to imply the pres- 
ence of cone effects. For these reasons the cone probability integrals have 
been extrapolated toward F = 0, and the rod contributions then obtained 
by subtraction on the ordinates. With some lower vertebrates the separar 
tion of rod and cone branches on the log 7 axis is so great that the disepn- 
tinuity due to the entrance of cone effects is plainly apparent on the F — log 7 
graph (Crozier, Wolf, and 2^rralm-Wolf, 1937—38 o). With man, frog 
(Crozier and Wolf, 1939-40 a), and newt (Crozier and Wolf, 1939-40 6) 
the overlapping of the two cumxilative populations is more extreme; the 
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analysis by this method, however, produces rod curves of the expected 
normal form. Their properties have a particular importance for the 
criticism of the by now more or less traditional interpretation of the re- 
lationships between rod and cone effects; they have also an inunediate sig- 
nificance for the statistical conception of the origin of the contours of visual 
performance. It is to be noted that, at a given value of tjtoi — 1), the low 
value oi I at F — 2 obtained by the cone extrapolation (Fig. 8) is of the 
same order of magnitude as that observed with forms such as a bird (Crozier 
and Wolf, 1940-41 b) and a turtle (Crozier, Wolf, and Zerrahn-Wolf, 1938- 
39) which have exclusively cone retinas. 



Fig. 8. The probability integrab of Fig. 3 are extrapolated toward F •> 0, and the 
form of the rod contribution to the F-log I contour b then obtained by difference; see 
text. 


The extrapolations of the cone curves and the curves obtained by differ- 
ences between these and the lines put through the lower ranges of the data 
are shown in Fig. 8. The results for = 1 as used in this discussion 
are taken from the preceding paper (Crozier and Wolf, 1940-41 c). The 
difference curves, as for all such cases, comprise an ascending and a de- 
scending branch. We originally believed (Crozier, Wolf, and Zerrahn- 
Wolf, 1936-37 c) that the declining branch was to be taken as similar in 
nature to the declining upper end of the cone curve as obtained by Hecht and 
Verrijp (1933-34), Hecht and Smith (1935-36), and Ross (1938). We are 
now of the view that this cone decline is a complex artifact (</. Section II), 
however, and later evidence has led us to the opinion that the form of the 
declining curve obtained for the rod contributions must be understood as 
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the result of the progressive inhibition of rod effects as more and more cone 
elements are implicated (Crozier and Wolf, 1938-39 a). The present data 
seem to be uniquely consistent with that position. 

Consider the form and the positions of the ascending rod curves (Fig. 8). 
These lines have been transferred to a probability grid and are shown in 
Fig. 9. For this pmpose the coordinates of points on the ascending dotted 
curves of Fig. 8 have been read off and plotted on a large scale grid, repro- 
duced in Fig. 9. The values of F have been computed to the max i ma indi- 
cated in Fig. 8. It is apparent that the slopes of the five rectilinear 



Fig. 9. The ascending and the descending branches of the (computed) rod curves of 
Fig. 8, points read from these curves being here transferred to a probability grid. The 
central curves, for « 0.50, are taken from the preceding paper (Crozier and Wolf, 
1940-41 c). 

dispositions on the grid of Fig. 9 cannot be asserted to be^ffe/ent. The 
values of are directly proportional to the percentage light-time (Fig. 
10), but they increase (not decrease, as with the cone curves. Fig. S) as the 
light-time fraction increases. On the other hand (Fig. 9), the slope of the 
declining rod curve decreases as ti/tj) is made greater. The abscissa of 
inflection of the rod curve declines with decrease of IJId (Fig. 11), but not 
with the same proportionality factor as for the cone curves; for the rods 
this factor is smaUer. With Enneacantktis (sunfish) we found that tte 
non-overlapping rod and cone populations showed the same degree of de- 
pendence of on (Crozier, Wolf, and Zerrahn-Wolf, 1937—38 6), 
but there is no reason to suppose that this condition need prevail generally. 
The mpnning of Fig. 9 is t^t the human basic rod population of effects is 
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under the present conditions less responsive to changes in /x/Zd than the 
cone, and that the measured contribution which it makes is at each value of 
the light-time fraction the result of its intrinsic properties plits the effects 
of inhibition by the population of cone effects which it overlaps on the in- 
tensity scale. The declining branch of the rod curve is of decreasing slope 
as ti/tf) increases for precisely the same reason that the rod Fmax. is found 
to increase, namely that the fundamental rod population, particularly its 
t', is less sensitive to the tjii, ratio and thus the inflection points for the 



" 0 so 

100 joo 


Fio. 10 Fig. 11 

Fig. 10. Fmai. for the (computed) rod curves of Figs. 8 and 9, as a function of per- 
centage light-time. 

Fio. 11. r' for the (computed) rod curves given in Figs. 8 and 9, as a function of 
percentage light-time; below, for the ascending curves; above, for the descending curves, 

two populations are moved farther apart by increase of tjtj), and the 
inhibition is less effective. 

The actual magnitudes of the rod Fmtx. are thus to be regarded as the 
outcome of the actions of several distinct factors: (a) the separation be- 
tween rod and cone abscissae of inflection is not great enough to prevent 
thd cone population from completely underlying the rod group of effects 
at all points, in view of the low slope of the cone curve; (6) the cone t' is 
more sensitive to the effect of the light-time fraction than that for the rods; 
and (c) the cone effects can partially inhibit the rod contribution. 

The fact that the rising rod curves have the same cr'iog i is merely a sign 
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that the same population of units is engaged in the production of elements 
of effect despite the inhibitory action of the other group of elements, while 
the progressively slower decay of the rod contribution as tjtn is increased, 
beyond the maximiun, is a consequence of the relatively greater movement 
of the cone population toward higher intensities, — ^the kind of result already 
detected in our cross-bred teleosts (Crozier and Wolf, 1938-39 a). It is 
noted that the declining branch of the rod curve also shows a t' rectilinearly 
proportional to the light-time fraction. By comparison with the results of 
our earlier experiment (Crozier, Wolf, and Zerrahn-Wolf, 1936-37 d) using 
a larger test area (^x, = 0.50) with the same observer, <r'io« / for both the 
ascending and the descending rod curves is here found to be less, although 
the FmKx. is about the same. This result is clearly not inconsistent with 
the notion of competitive relations between the cone and rod elements with 
respect to flicker recognition, since in the conditions of the earlier experiment 
the rod r' was much smaller. 

We conceive that it is difficult to construct a scheme of interpretation for 
these properties of the rod contribution to the duplex flicker contour other 
than that we have proposed. Its basic general feature is the conception of 
moment-to-moment fluctuation in the effective capacity of neural units 
involved to contribute elements of effect to the determination of the end- 
point response. When these effective contributions are reduced by the 
competitive action of another group of elements the essential parameter of 
the population, namely the standard deviation of its frequency distribution, 
is still invariant — ^just as when temperature or the hght-time ratio is altered. 
With another organism, or with a test area differently located on the retina, 
or through the use of lights with different wave-length compositions, further 
aspects of these relations can be explored. 

The question naturally arises as to whether the general^ type of “inter- 
action” between cone and rod effects revealed by the present analysis can 
be detected in the data for other sorts of visual performance. The recog- 
nition of flicker is but one of various possible indices of intensive discrimina- 
tion (Crozier, 1935-36), but certainly it is not necessary to suppose that the 
samp t 3 q)es of interaction should appear in all. The question cannot be 
fully H iprngwH without possession of a wider range of homogeneous data with 
respect, for example, to the r61e of retinal area. Indications already exist, 
however, that neural integrations of the sort appealed to are involved in the 
data of ordinary intensity discrimination (c/. Crozier and Holway, 1938-39 5, 
1939-40), for example. 

A clue as to why in the case of flicker discrimination the interactive 
influence is irreciprocal— cone effects inhibiting red effects but not the reverse 
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— ^may well be given by the subjective character of the flicker end-points. 
On ih&ftision side of the F— log / contour, as one ascends the F scale, the 
following order of impressions is obtained: at low flash intensities the field is 
a smooth, faintly bluish gray; at higher intensities it assumes a “speckled” 
appearance, with few or many tiny points of yellowish light; the field then 
becomes “granular,” the speckling dots becoming more numerous and at still 
higher intensities running in groups which produce a “frosted” appearance; 
with further increase of F the field becomes smooth. It happens that with 
the most commonly used conditions for flicker, namely with and at 

least with central retinal fields of moderate size (white light), the transition 
to the smooth whitish impression at critical fusion coincides pretty well with 
the kink in the F — log 7 curve (t.c., at ca. F = 20 in Fig. 1), and that at about 
this level there also occurs transition from a flicker end-point mainly in the 
periphery of the illuminated field to one “finer” and definitely at the fixation 
center. Similar conditions have been observed with “monochromatic” 
fields, and have been said to be correlated with the occurrence of the color 
threshold near or just below the vicinity of the bend in the F — log 7 curve 
(c/. Hecht and Shlaer, 1935-36). 

It would be easy to point to these correlations as indicating a sharp separa- 
tion of rod and cone functions on the two branches of the curve. But the 
introduction of the light-time fraction as a variable shows that this is im- 
possible. Our detailed records of the appearance of the end-point fields 
show that in the data of Fig. 1 the level of clear occurrence of the foveal 
type of end-point is at F = 35 for = 0.10, 21 for 0.25, 20 for 0.50, 19 for 
0.75, 16 for 0.90. When the respective flash intensities are considered, the 
obvious correlation is with the mean intensity flux, which for these values 
of F ranges only from anti-log 3.90 to 2.18, although apparently drifting 
slightly as increases. This shows that no real correspondence exists 
between the position of the “break” in the F — log 7 contour and the indica- 
tions of other criteria concerning the differentiation of rod and cone effects. 
Foveal end-points can appear {1^ = 0.90) a log unit and one half below the 
bend, or = 0.10) as much as a log unit above it. When colored fields 
are used (Crozier and Wolf, 1940-41 c) the discrepancies are even more 
impressive. 

jjBut these subjective data are thoroughly consistent with the view that a 
real competitive integration of rod and cone effects occurs in the recognition 
of flicker, and that the focal attention of the observer determines that the 
effects of foveal vision predominate. This is consistent with the conception 
of a central, rather than of a peripheral, location of the forces governing the 
discrimination. A number of other and quite different considerations point 



W. J. CROZIER AND ERNST WOU 


653 


to the same conclusion (cf. Bartley, 1938). It implies no necessity that 
other modes of intensive discrimination will necessarily follow exactly the 
same rule of competitive inhibition. 


VI 

SUMMARY 

The relation between flash duration and mean critical intensity (white 
light) for threshold recognition of visual flicker, as a function of flash fre- 
quency, was investigated by means of measurements at five values of the 
light-time fraction: 0.10, 0.25, 0.50, 0.75, 0.90, with flash frequencies of the 
interrupted beam ranging from 2 to 60 per second. A square area, 6. 1 X 6. 1°, 
centrally fixated, was viewed monocularly; the discriminometer used pro- 
vides automatically an artificial pupil 1.8 mm. in diameter. Except for the 
slight day-to-day fluctuation in the magnitudes of the parameters, the data 
for the observer used are shown to form an essentially homogeneous group. 

As for other animals tested, the F — log curve is enlarged and moved 
toward low&r flash intensities as the light-time fraction is decreased. The 
high intensity segments of the duplex curves are fitted by normal prob- 
ability integrals for which Fj^x. and the abscissa of inflection are rectilinear 
functions of ti/iti -h /p), with opposite slopes. The third parameter, a'log i, 
is invariant. 

The low intensity segments are composites, their shapes determined by 
the summation of the lower part of the high intensity curve with an over- 
lapping low intensity population of effects. Both the rising and the de- 
clining branches of this latter assemblage suffer competitive partial sup)- 
pression by the effects in the high intensity population. The detailed 
analysis shows that these results are consistent with the theory of the central, 
rather than peripheral, location of the dynamically recq^;nizable elements 
in the determination of flicker. 
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INTRODUCnON 

Interest in the physiology of the Fusaria centers mainly about their 
ability to produce alcohol and carbon dioxide as practically the only end 
products of metabolism from a variety of carbon compounds. Early work 
by Wollenweber (1913) and Sherbakoff (1915) dealt mainly with the mor- 
phological differentiation of the organisms. Biochemical studies of this 
large group of organisms have been carried out by White and Willaman 
(1928) and by Birkinshaw et al. (1931). In the latter work detailed carbon 
balance sheets of the metabolism of a number of species of the organisms on 
a glucose “synthetic” medium were carried out and it was concluded that 
the dissimilation of glucose by these organisms led almost exclusively to 
the production of ethyl alcohol and carbon dioxide. In some cases, a small 
amount of acid was also produced. The oxidative mechanisms of these 
organisms and the possible presence of phosphorylating mechanisms in 
carbohydrate dissimilation have been investigated by Nord (1939). The 
results of most of the experimentation point to a possible similarity between 
the alcohol and carbon dioxide-producing mechanisms of Fusaria and those 
found in yeasts. Nord (1939) is of the opinion, however, that the dissimila- 
tion of glucose by Fusaria need not go by way of phosphorylation. This 
would appear to offer a point of difference between the metabolism of yeast 
and Fusaria, since MacFarlane (1939) has shown that phosphorylation 
does occur in living yeast cells. No extensive study has, however, been 
made of the various mechanisms involved in the dissimilation of glucose by 
Fusaria, especially in comparison with analogous mechanisms in glucolysis 
by living yeast cells. The present investigation has been planned with a 
view to such a comparison. 

In the present investigation a study has been made of the respiratory 

* Contribution No. 184 from the Department of Biology and Public ^alth, Massai- 
chusetts Institute of Technology. 
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and fermentative mechanisms of resting cell preparations of Fusaria. The 
availability of a number of carbohydrates and of certain other common com- 
poxmds for carbon dioxide production by Fusaria was investigated, and the 
presence of a glucose-dissimilating mechanism which is always present and 
therefore ‘^constitutive” in the sense of KarstrSm (1938) was established, 
as well as the presence of an “adaptive” mechanism for the dissimilation of 
galactose, in a sense, similar to galactozymase in yeast (Stephenson and 
Yudkin, 1936). The effects on Fusaria metabolism of selective poisons 
such as iodoacetate, fluoride, and cyanide have been investigated and 
striking similarities to the effects on yeasts established. The possibility 
of more than a single glucolyzing mechanism being involved was explored, 
as well as the question of the presence of a glycogenetic-like process which 
may precede glycolysis. 


Methods 

Description of the Organism 

The organism selected for the study is catalogued as Fusariutn sp. jET in the M. I. T. 
pure culture collection. A study of its characteristics indicates that it is closely related 
to F, tricothecoides. It was selected because of the uniformity of growth and biochemical 
properties. 

Uniform preparations of the Fiisariumy ‘‘free’' from metabolites, analogous to “resting 
cell” preparations of bacteria and yeast were prepared. The organism was grown on a 
modified Czapek-Dox medium of the following composition: glucose, 10 gm.; peptone, 
2.5 gm.; NaNOs, 2 gm,; KH 2 PO 4 , 1 gm.; MgS 04 . 7H2O, 0.5 gm.; KCl, 0.5 gm.; distilled 
water, 1000 ml. Into 1 liter conical flasks were introduced 100 ml. portions of the me- 
dium and these were then sterilized by autoclaving at 15 pounds steam pressure for 
20 minutes. Each of the flasks was inoculated with 1 ml. of a concentrated (four agar 
slant growths wa.shed into 75 ml. of water) spore-mycelium suspension. Incubation was 
at 28®C. in the dark, unless otherwise noted. The period of incubation varied with the 
nature of the experiment. At the end of the desired incubation period, the growths 
were washed with distilled water on a filter cloth until free of extracellular metabolites, 
as indicated by the complete absence of glucose and ethyl alcohol in the washings. 
The washed mats were then pressed lightly to remove excess wash water and the moist 
tissue was introduced into a shaking bottle containing glass beads, and 15-25 ml. of 
ic/20 KH2PO4 buffer at pH 4.85 for each mycelial mat used. The flasks were shaken 
vigorously until a uniform suspension was obtained as indicated by the ability to pipette 
easily with a 2.5 mm. bore pipette. Such suspensions gave unusually uniform results. 
Older growths (10 days) are more difficult to disperse unless they are minced finely before 
shading. The dry weight of tissue per unit volume of suspension was determined for 
subsequent calculations. 

Attempts were made to prepare cell-free preparations by grinding with sand in the 
cold with subsequent centrifugation; by freezing and grinding; and by pressing at very 
high pressures. In all cases, inactive preparations were obtained. The dried, washed 
tissue also shows no activity (CO 2 production) after re-suspension in a phosphate-glucose 
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solution. Boyland et al, (1937) showed that the reason for the inactivity of tumor 
extracts is to be found in the very rapid destruction of cozymase and adenylpyrophos- 
phate which occurs on damage to the cells. Euler et al. (1936) found similar changes in 
acetone preparations of brain. A later communication will deal with the possible r61e 
of cozymase in Fusaria metabolism. In these studies, therefore, freshly prepared, washed 
suspensions of cells (as described above) were employed. 

The respiratory and fermentative activities of the organisms were measured mano- 
metrically by means of Barcroft manometers in a water bath controlled to db 0.02®C. 
Unless otherwise noted, experiments were carried out at 30®C. The manometers were 
shaken at 120 oscillations per minute. The cups and contents were adapted to the 
temperature of the bath for 10 minutes before the manometer taps were shut. Caustic 
was replaced frequently during long experiments where large volumes of COa were 
evolved. By the direct, two manometer method (Dixon, 1934), the CO3 evolved 
and the oxygen consumed could be estimated and the r.q. ; i.e,, CO2 evolved/Oa consumed 
could be determined. An atmosphere of air was used for the aerobic studies. For 
anaerobic experiments an atmosphere of nitrogen was used. From the dry weight of 
organism used the (?oI; c.mm. of O2 consumed per hour per milligram of dry 
weight was calculated. In the same way and (7^ were calculated. 

EXPERIMENTAL AND DISCUSSION 

Effect of Age of Growth on Endogenous {Respiratory) and Exogenous 
{Fermentative) Activity of Fusarium sp. H. 

A number of flasks of the usual medium were inoculated with the con- 
centrated spore-mycelium suspension and incubated at 28°C. in the dark. 
At desired intervals suitable numbers of flasks to give sufficient preparation 
were removed and a suspension was prepared for immediate use as de- 
scribed. When the preparation was not in use during an experiment, it 
was stored at 0°C. No preparations were stored for more than 8 hours. 
The experiment was carried out over a period of 7 days and estimations 
were made of hourly r.q., and Qco*- order to correlate the produc- 
tion of alcohol with the respiratory and fermentative Tictivity of the or- 
ganism, analyses of the alcohol content of the metabolism solutions on which 
the organism had been grown were carried out by the method of Friedemann 
and IQaas (1936). The results of the experiment are given in Table I. 

From the results it is apparent (1) that in very young mats the is 
extremely high, and with increase in the age of the growth the falls 
markedly. (2) In the presence of added glucose, the Qcoi 3.nd the r.q. 
of young mats show an immediate marked increase which seems to in^cate 
an immediate attack of the added glucose. With increase in age tlie re- 
sponse to added glucose is delayed, but definite after incubation with glucose 
for a short period. The incubation period is increased as the age of the mat 
increases. (3) In the course of the endogenous metabolism of very young 
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mats, the ^ and the fall markedly as the experiment progresses, so 
that after 4 hours, the ^ has fallen from 39.5 for the 1st hour to 13.1 for 
the 4th hour. The falls from 31.9 to J 1.0. The exogenous metab- 

TABLE I 


Metabolic Activity of Resting CeU Suspensions of Fusarium sp, H, Prepared from Cultures of 

Varying Age 


Time 

l^thout added glucose 

With added glucose 

(hrs.) 

0^" 

Ocoi 

a.Q. 

< 


X.Q. 


1 day cultures (alcohol content of growth medium 0.08 mg./ml.) 


1 

39.5 

■SB 

0.78 

34.4 

63.7 

1.85 

2 

30.3 


0.84 

38.2 

56.3 

1.49 

3 

19,3 


0.81 

38.9 

55.1 

1.42 

4 

13.1 

1 11.0 

0.84 

36.1 

56.0 

1.55 


2 day cultures (alcohol content of growth medium 0.55 mg./ml.) 


1 

16.1 

16.1 

1.00 

14.7 

21.7 

1.48 

2 

15.2 

12.1 

0.80 

13.6 

23.0 

1.69 

3 

14.0 

12.0 

0.86 

11.3 

22.7 

2.05 

4 

9.9 

9.0 

0.90 

12.3 

26.0 

2.14 

5 

8.2 

6.9 

0.85 

11.3 

26.0 

2.30 


3 day cultures (alcohol content of growth medium 0.62 mg./ml.) 


1 

13.9 

14.0 

1.01 

14.1 

19.2 

1.36 

2 

IS.S 

14.1 

0.91 

15.0 

22.6 

1.50 

3 

14.3 

12.7 

0.89 

14.3 

26.7 

1.85 

4 

12.9 

11.9 

0.92 

13.2 

26.1 

1.97 


5 day cultures (alcohol content of growth medium 0.80 mg./ml.) 


1 

7.3 

6.7 

0.91 

6.1 

6.1 

1.00 

2 

7.0 

5.7 

0.81 

6.0 

7.0 

1.17 

3 

7.0 

5.5 

0.78 

6.8 

9.7 

1.43 

4 

6.1 

4.7 

0.77 

5.8 

10.2 

1.78 


7 day cultures (alcohol content of growth medium 0.64 mg./ml.) 


1 


6.0 

0.93 


6.2 


2 



0.86 


6.5 

1.14 

3 



0.87 


7.4 



olism (added glucose), however, shows no such decrease, remaining fairly 
constant throughout the duration of the experiment. This is analogous to 
the observations on young yeast cultures by Stier and Stannard (1936) 
where the progressive fall of endogenous activity is attributed to the progres- 
sive utilization of “endogenous substrate” and that the dissimilation of 
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carbohydrate stores is a respiratory process. (4) During the 1st day alcohol 
production is very low, which would indicate that endogenous metabolism 
is predominant, since analyses show that alcohol is not produced in endog- 
enous metabolism but is produced during exogenous metabolism (Table 
n). This is also the case in yeast metabolism. After the first day there is 
a sudden marked increase in alcohol production which seems to be correlated 
with the stabilization of the endogenous metabolism, since the (endog- 
enous) during the course of an experiment now remains relatively constant. 
Again the analogy to the mechanism in living yeast is very pronounced. 


TABLE n 

Ethyl alcohol production in “nutrient” and “non-nutrient” media by Fusarium sp. E, resting 
cell suspensions which correspond to the exogenous and endogenous metabolism, respectively. 


SiupenBion prepared 
from 

Suspended in 

Time of incubation 
and shaking 

Alcohol 

production* 



krs. 


3 day mats 

Dextrose-phosphate 

6 

0.23 

3 “ “ 

Phosphate 

6 

0.00 

4 ** 

Dextrose-phosphate 

5 

0.17 

4 « « 

Phosphate 

5 

0.00 


* Ethyl alcohol as analyzed by the method of Friedemann and Kl aas (1936). Experiments 
were carried out at room temperature and alcohol determinations were made in triplicate on the 
suspension filtrates. 


The Induction Period 

It is apparent that for the study of growths older than 1 day an incubation 
period with glucose or any other substrate to be studied is necessary to 
make apparent any excess (exogenous) carbon dioxide production. Similar 
precautions must be taken with yeast where it is believed that either a 
reserve material must be built up (VWllstatter and Rohdewold, 1937) or, 
the organism must be brought to a certain anabolic phase or level (Stier 
and Stannard, 1936) . The occurrence of an induction period in the fermen- 
tation of glucose by living yeast has been observed by Willstatter and 
Rohdewald (1937) who found a marked increase in glycogen during this 
period and suggested that glucose is first transformed to glycogen before 
fermentation. Goda (1938) also observed the formation of glycogen in 
young yeast but observed that in old yeast there was a rapid fermentation 
of added glucose without a parallel formation of glycogen. 

From the data in a typical experiment (Table III) it is evident that no 
appreciable fermentable reserve material is built up. It might be suggested 
that during the period of incubation the glucose is fragmented to smaller, 






660 


STUDIES IN THE PHYSIOLOGY OP PUSASIA 


more available intermediates which are in solution and which then give 
rise to carbon dioxide. Hiat this is not the case is evident from experi- 
ments where suspensions were incubated with glucose until the R.Q. was well 
above the endogenous r.q., then thoroughly washed until free of any metab- 
olites contained in the medium, and re-suspended in a fresh glucose- 
phosphate buffer solution. The r.q. obtained after re-suspension was 
approximately equal to the r.q. before washing free from the medium. 
When incubation is carried out in the presence of iodoacetate, COx evolution 
and Ot uptake are markedly inhibited due to long exposure to the poison. 


TABLE m 


Experiments IndicaHng the Direct Attack of Glucose by Fusarium sp, H. 


1. R.Q. without added substrate immediate!}’ after preparation ofj 

suspension 

2. R.Q. with added glucose (0.07 m) immediately after preparation 

of suspension 

3. R.Q. after shaking with glucose (0.07 m) for 3 hrs 

4. R.Q. after shaking with glucose (0.07 h) for 3 hrs. and then wash- 

ing from glucose 

5. R.Q. after shaking with glucose (0.07 m) for 3 hrs., washing away 

the metabolism solution, and replacing with glucose (0.07 m) — 

6. R.Q. after shaking with glucose (0.07 m) and 0.004 m iodoacetate 

for 3 hrs 

7. R.Q. after shaking with glucose (0.07 m) and 0.004 m iodoacetate 

for 3 hrs., then washing, and suspending in glucose-free buffer. . . 

8. R.Q. after treating as (7) except suspended in glucose after 

washing 


Experiment 

( 1 ) 


0.87 

0.92 

1.88 


1.02 


1.67 


Eipwhunt 


1.08 

1.06 

1.66 


1.11 

1.00 

1.03 


The fermentative system is, however, completely inhibited. From the 
data in experiment 1 in Table III, it can be seen that there is a slight rise 
in R.Q. from 0.87 for the endogenous rate to a new endogenous value of 
R.Q. s 1.02 after shaking with glucose and then washing away the sus- 
pending medium. This might be accoimted for by the presence of either 
a small amount of intracellular glucose or by other intracellular intermediate 
products of the breakdown of glucose. It is apparent therefore that no 
unlimited accumulation of intermediate products occurs but that there may 
be a constant and perhaps extremely low working level of such substances. 
That the excess carbon dioxide does not arise from a reserve material seems 
quite evident. 

It has been found that under certain conditions of growth, i.e. when the 
flasks were sown with dilute spore-mycelium suspensions and incubated in 
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the light at 22-24°C. rather different growths were obtained which were 
characterized by the fact that the suspensions of old organisms (10-11 days) 
could attack glucose with formation of COt directly (without an incubation 
period). Direct attack of added glucose by this type of growth as com- 
pared to the delayed attack by the usual growths must be due to differences 
in mat permeability rather than the necessity for building up cellular glyco- 
gen-like substances since in the absence of glucose the usual low endogenous 
R.Q. is obtained. 

The Nature of the Endogenous and Exogenous Metabolism 

The endogenous and exogenous mechanisms in Fusaria metabolism were 
investigated and shown to be similar to the mechanisms in yeast. These 
methods of study were employed: (1) carbon dioxide evolved aerobically 
and anaerobically with and without glucose, and (2) the effects of poisons 
such as sodium iodoacetate, potassium fluoride, and cyanide on the exog- 
enous and endogenous mechanisms. 

(a) Aerobic and Anaerobic CO 2 Production 

From the results shown in Table IV, it is apparent that in the absence of 
substrate there is no significant anaerobic production of CO 2 . However, 
with added glucose there is definite anaerobic CO 2 production which is 
equal to about 70 per cent of the added CO 2 produced aerobically in the 
presence of added glucose. This would indicate that the mechanisms are 
different, and also that a part of the increase in CO 2 production due to 
added glucose may involve an aerobic mechanism. 

Experiments were carried out in the usual manner and varying concentra- 
tions of inhibitor added in m/20 phosphate to give the desired final concen- 
tration. In some instances the concentrations were increased as the 
experiments progressed. The results are indicated in Table V. It is 
apparent that both iodoacetate and fluoride in relatively low concentrations 
affect the exogenous metabolism without affecting the endogenous metab- 
olism. Higher concentrations do affect the endogenous metabolism with- 
out disturbing the R.Q. Similar observations have been made on yeast 
cells by Stier and Stannard (1936). With certain concentrations of iodo- 
acetate, the exogenous metabolism has been completely inhibited with no 
simultaneous effect on the endogenous metabolism. A series of experiments 
with fluoride and iodoacetate on the anaerobic CO 2 production shows a 
very marked decrease on the addition of these specific inhibitors (Table IV). 
Cyanide, on the other hand, markedly affects the respiratory medianism 
but only slightly affected fermentation. 
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From these experiments it can be concluded that the exogenous and en- 
dogenous COj producing-mechanisms are distinct, and in general, the situa- 
tion in Fusaria is analogous to that in yeast. 

TABLE IV 

The Nature of the Anaerobic Carbon Dioxide-Producing Mechanism cf Resting Cell Suspensions of 

Fusarium sp. H 


1. Anaerobic production of COs with and without dextrose 


Experiment 

Medium 

COfl evolved 
c.mm./hr. (Nt 
atmosphere) 


■i 

1 

Phosphate 

IS 

Negligible 

34.2 


Dextrose-phosphate 

257 

27.8 

63.7 

2 

Phosphate 

0 

0.0 

30.7 


Dextrose-phosphate 

224 

22.0 

54.1 


2. Effect of iodoacetate on the anaerobic (nitrogen atmosphere) production of COj 


Molarity of lAA 

c. mm. COt evolved/hr. 

Per cent inhibition 

Control 

224 



0.0040 

67 

70 

0.0065 

26 

88 


3. Effect of fluoride on the anaerobic (nitrogen atmosphere) production of COs 


Molarity of KF 

c. mm. CQi evolved/hr. 

Per cent inhibition 

Control 

265 



0.0040 

133 

50 

0.0400 

31 

87 


Fermentation of Various Carbon Sources by Fusarium sp. H. 

A study has been made to determine the ability of the organism to attack 
a variety of common carbon sources with the production of exogenous COs, 
(1) when grown on glucose and suspended in a medium containing a carbon 
source to be studied or, (2) when grown on a carbon source other than 
glucose and suspended in a medium containing that carbon compoimd or 
another. The organisms were grown in the usual manner on 1 per cent 
solutions of glucose or another carbon source, and suspensions were pre- 
p$u%d as described previously. The results of the experiments are sum- 
marized in Table VI. It is evident that (1) the glucose-dissimilating 
mechanism is residiud in all growths, no matter what the source of carbon 
for growth has been, and may be called constitutive. When grown on 
non-hexose sources of carbon, the residual glucose-dissimilating power is 
very small; but when grown on any of the hexoses investigated, the glucose- 






















TABLE V 

Effect of Cyanide on the Respiratory Activity^ 


Oi uptake 

COi evolution 

Inhibitor 

c. mm./hr. 

Inhibition 

c. mm./hr. 

Inhibition 

1 n.Q. 



per cent 


Per cent 


Control 

247 

— 

270 

— 

1.09 

0.00025 icKCN 

217 

16.4 

251 

7 

1.16 

0.0005 

191 

22.7 

242 

10.4 

1.27 

0.0020 

156 

36.9 

216 

19.6 

1.38 

0.0040 

137 

44.5 

, 167 

38.1 

1.22 

0.0080 

123 

50.0 

153 

43.3 

1.24 

0.0120 

60 

75.8 

77 

71.4 

1.28 


Effect of cyanide on the fermentative activityf 


Control 

165 



412 



2.49 

0.00025 kKCN 

131 

20.6 

440 

Accel. 

3.38 

0.0005 

88 

46.7 

394 

4.4 

4.47 

0.0010 

90 

46.5 

369 

10.4 

4.10 

0.0020 

94 

43.1 

301 

26.9 

3.20 

0.0040 

73 

55.7 

235 

43.0 

3.22 


Effect of potassium fluoride on the respiratory activity 


Control 

148 

— 

136 

— 

0.93 

0.0012 mKF 

148 

0 

140 

0 

0.95 

0.0018 

148 

0 

138 

0 

0.94 

0.0024 

148 

0 

133 

0 

0.90 

0.0048 

158 

0 

140 

0 

0.89 

0.0056 

148 

0 

132 

0 

0.89 

0.0090 

127 

14.2 

117 

14.0 

0.92 

0.0180 

111 

25.0 

116 

14.0 

1.04 


Effect of fluoride on the fermentative activity 


Control 

284 


0.0012 M RF 

290 


0.0024 

288 


0.0036 

255 

1 

0.0048 

245 

J 


Effect of sodium iodoacetate 


625 

— 

2.20 

502 

19.7 

1.73 

400 

36.0 

1.39 

372 

40.5 

1.46 

333 

46.7 

1.36 


the respiratory activity > 


Control 
0.0010 mIAA 
0.0020 
0.0030 
0.0040 
0.0060 
0.0070 


195 



190 

— 

190 

0 

192 

0 

187 

0 

187 

0 

197 

0 

190 

0 

189 

0 

188 

0 

167 

14.3 

160 

15.8 

144 

26.2 

137 

27.9 


0.97 

1.01 

1.00 

0.96 

1.00 

0.96 

0.95 


Effect of iodoacetate on the fermentative activity 


Control 

180 

— 

324 

— 

1.80 

0.0010 K lAA 

182 

0 

260 

19.8 

1.43 

0.0020 

187 

0 

214 

34.0 

1.15 

0.0040 

179 

0 

171 1 

53.0 

. 0.95 


• No added glucose. 
1 1 per cent glucose. 
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dissimilating power is equal to that of the growths when grown on glucose 
itself. This is analogous to the observations on bacteria by Hegarty (1939) 
and Karstrom (1938). (2) Growths on glucose will attack glucose, man- 
nose, fructose, but not galactose. Fructose is always attacked least vig- 

TABLE VI 

Composite Tabh of R.Q. if Pusarium sf. E. on Various Substrates 


Grown on 


Tested on 

Glu- 

cose* 

Glu- 

cose 

Galac- 

tose* 

Galac- 
tose 
+ glu- 
cose 

<-xy- 

lose 

/-Arabi- 

nose 

Ghrfr 

erol 

Lactate 

No substrate 


0.88 

1.58 

1.20 

m 


0.92 

0.91 

Glucose 

1.75 

1.84 

2.52 

2.30 


1.17 

1.24 

1.30 

a— Glucose 

1.60 

— 

— 

2.25 

— 

— 

— 

— 

Mannose 

1.71 

1.67 

2.39 

2.20 

— 

— 

— 

— 

Galactose 

0.95 

ImEm 

2.33 


isa 

mi 



Fructose 

1.33 

1.37 

1.67 

1.41 

W 

09 



Xylose 

0.95 



1.16 





Arabinose 

0.93 

0.89 


— 


0.89 



Lactose 

0.83 


1.64 

1.26 

— 

— 

— 

— 

Sucrose 

1.14 



— 

— 

— 

— 

— 

Maltose 

0.93 

0.89 

— 

1.19 

— 

— 

— 

— 

Mannitol 

0.89 


— 

— 

— 

— 

— 

— 

Glucose+mannose 

1.70 

- 


2.24 

— 

— 

— 

— 

Glucose+galactosu 

1.75 

mi 

2.55 


— 

— 

— 

— 

Glycerol 

0.61 







0.62 

a— glycerol PO4 

0.51 

lEI 

— 




— 

— 

Hezose diphosphate 








■SmTa 




Pyruvate 

1.35 

1.44 

1.88 

— 

1.38 

1.43 

1.31 

1.47 

Pyruvate -f glucose 


2.17 

2.80 

— 

— 

— 

— 

— 

Succinate 



1.61 



Em 



Lactate 



— 

— 



in 


Acetate 



— 

— - 

— 

— 

mi 


Ethyl alcohol 



— 

— 

— 

— 

— 

— 

Saladn 



— 

— 

— 

— 

— 

— 

Citrate 

0.96 

0.92 

— 

•— 

— 

— 

— 

— 

Phosphoglyceric acid 

— 

0.89 

— 

— 

— 

— 

— 

— 


* Cultures attacked glucose directly. 


orously. When grown on galactose, the organism can attack the usual 
earbohydrates and galactose. Glucose, however, always seems to be more 
vigorously attacked than galactose. Similar studies on galactose adapta- 
tion have been made with yeast by Stephenson and Yudkin (1936) and on 
bacteria by Stephenson (1939). It is also interesting to note that when 
the organism is grown on galactose or a mixture of galactose-glucose the 
endogenous R.Q. is considerably higher. This is consistent with the concept 
that certain sugars are “growth” sugars rather than “fermentable” sugars. 
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Of the common intennediary metabolites investigated only pyruvate is 
attacked to give added CO* evolution. This is due to the presence of a 
carboxylase system, which will not be discussed in this communication, 
and suggests that p 3 n'uvic acid is perhaps an intermediate in the dissimilation 
of glucose by Fusaria. It would be expected that pyruvic acid would be 
attacked at least as vigorously as glucose, but that this does not appear to 
be the case, from the r.q. values for 1 hour, may be due to the toxic effect 
of accumulated acetaldehyde since in the first few minutes the rate of COi 
evolution from pyruvic add is extremely high and falls markedly as the 
reaction progresses. It is also apparent that when the organisms are grown 
on non-hexose sources of carbon they could not attack any substrate but 
the hexoses or pyruvic add with direct evolution of CO* under these ex- 
perimental conditions. 

The Nature of the Hexose-Dissimilating Mechanisms 

The identity of the mechanisms involved in the direct attack of glucose, 
mannose, and galactose has been confirmed by addition experiments where 
the dissimilation of the substrates was investigated separately and then 
when present together. No additive effects were observed as is indicated 
from the data in Table VI. It would appear, therefore, that a single dis- 
similating mechanism is involved for these substrates and that the mecha- 
nism is adaptive for galactose dissimilation. 

SUMMARY 

1. Fusarium tricothecoides was selected for a study of the respiratory 
and fermentative activities of Fusaria. “Resting cell” suspensions were 
investigated by the Barcroft manometric technique. 

2. The results of the investigation indicate clearly that the mechanism 
of endogenous metabolism (respiration) is distinct from Ohe exogenous 
mechanism (fermentation). Anaerobically no significant CO* production 
is apparent without added substrate. In the presence of glucose the 
anaerobic CO* evolution is practically equal to the added CO* evolved 
aerobically in the presence of added glucose. 

Low concentrations of iodoacetate or fluoride selectively poison the 
exogenous mechanism but do not affect the endogenous mechanism. 

Alcohol is not produced in the course of endogenous metabolism, but is 
produced in the presence of added glucose. 

3. A study of the metabolism of the organism throughout its entire 
growth phase from 1 to 7 days has been made. 

4. The ability of suspensions of Fusarium sp. H., obtained by growth 
on a variety of common substrates, to attack a large number of carbon 
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sources with the production of exogenous COj was determined. It is found 
that organisms grown on glucose will attack only glucose, mannose, and 
fructose, but none of the common intermediary metabolites except pyruvic 
acid. Organisms grown on galactose attack galactose, as well as the other 
hexoses, indicating an adaptive mechanism. 

5. An identical mechanism for the dissimilation of glucose, mannose, 
and galactose is indicated since no additive effects with these substrates 
were observed. Growths on non-hexose carbon sources attack glucose 
slightly under the experimental conditions with the evolution of CO 2 , but 
do not attack any other substrate. This would indicate a residual glucose- 
dissimilating mechanism in all growths investigated. 

6. Striking similarities between the general metabolism of resting sus- 
pensions of Fusarium sp. E, and resting suspensions of yeast cells are 
apparent. 
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ANAEROBIC GLYCOGENOLYSIS IN THE MUSCLES OF RANA 
PIPIENS LIVING AT LOW TEMPERATURES 

By a. N. BARGER and R. E. JOHNSON 
[Prom the Fatigue Laboraiory, Harvard University, Boston) 

(Received for publication, January 27, 1941) 

When attempts failed (16) to produce glycolytically active extracts from 
the muscles of winter frogs stored at 4®C., and when lactate production 
at 0®C. by their gastrocnemii could not be detected (12, 17) we began to 
study the glycogen metabolism during fatigue of the muscles from such 
frogs. Previous workers have shown alterations in the carbohydrate 
metabolism of frog muscles with low glycogen contents, and also seasonal 
variations in the carbohydrate metabolism of frogs. 

If sartorii and gastrocnemii of R. temporaria and R. esculenta have low 
carbohydrate reserves, they can contract aerobically on sources of energy 
only partly carbohydrate (30, 10). When mammalian muscles are rendered 
low in glycogen by the use of insulin or thyroid, rigor mortis in them is 
not accompanied by glycogenolysis or by lactate production (IS). Olmsted 
and his colleagues (31, 32) were the first to use insulin convulsions for render- 
ing muscles of R. pipiens and R. catesbiana nearly free of glycogen; muscles 
so prepared contracted anaerobically without glycogenolysis or lactate 
production. Ochoa (30) and (iemmill (10) extended these observations to 
R. temporaria and R. esculenta. 

It has been known for a long time that there is marked seasonal varia- 
tion in the carbohydrate metabolism of frogs’ tissues. Schiff (36) in 1859 
observed that there is little postmortem glycogenolysis ’at 23®C. by the 
livers of frogs caught in the winter. Grode and Iiesser (13) set up unin- 
jured livers and muscles of frogs for 4 hours at 22-23°C. in Ringer’s solution 
under aerobic conditions. In November and December such preparations 
showed only very slight decreases in glycogen, despite initial concentra- 
tions of 0.75 to 1.24 per cent. At other times of the year, decreases of 
15-20 per cent of the initial value were observed. If in November or 
December the organs were cut or severely injured, marked glycogenolysis 
took place. Lesser (21) analyzed whole frogs for glycogen. In the summer, 
anaerobiosis of 2 hours led to marked glycogenoljrsis. A subsequent 24 
hours of aerobiosis led to restitution of most of the glycogen. In November 
and December, anaerobiosis of 2 hours did not produce glyco^nolysis. 

669 
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This could be produced by repeated periods of anaerobiosis but aerobiosis 
did not result in restitution. 

Lesser (22) described semiannual periods in a frog’s life: the glycogen- 
stable period of winter, and the glycogen-labile of summer and fall. 

Laquer (19, 20) studied lactate production by chopped frog muscles in- 
cubated in buffered media, of which phosphate buffers were found to be the 
most favorable to glycol)rsis. At 4S®C., the muscles of summer frogs pro- 
duced large amoimts of lactate from added hexose diphosphate, starch, or 
glycogen, but the muscles of winter frogs did not produce lactate from added 
substrates. When winter frogs were kept alive for several days at tempera- 
tures between 22 and 27°C., their muscles gained the ability to produce 
lactate from added glycogen. 

The present experiments were designed to show whether prolonged life 
at 4®C. altered the glycolytic capacity of frog gastrocnemii, either by de- 
pleting carbohydrate reserves, or, more fundamentally, as in the experiments 
of Lesser (22) and Laquer (19, 20), by altering their glycolytic capacity. 

Methods 

The experiments were done on two separate batches of frogs in the summers of 1939 
and 1940. R. pipiens from northern Vermont, caught in March or April, were kept 
without food at 4^C. in a few milliliters of tap water that was changed every 2 days. 
They were stored in this way from 7 to 10 weeks before use. Any frog showing clinical 
signs of disease, especially ^'red leg,’’ was discarded. 

For each experiment, a frog was allowed to rest alone for several hours at 4®C. One 
operator then gently held it over a paper cutter and extended its hind legs. The second 
operator chopped off both its legs with a single stroke at the pelvic girdle, the first laid 
the legs on ice covered with moist gauze and killed the frog. The second dissected out 
both gastrocnemii with ice cold instruments, and both set up the muscles in the apparatus 
for anaerobiosis and stimulation. The usual elapsed time from the stroke that cut off 
the legs to installation in an atmosphere of nitrogen was 3 minutes. 

The apparatus in which the muscle was stimulated consisted of a vertical glass tube 
15 cm. long and 4 cm. in diameter, tightly fitted with one-holed stoppers. The muscle 
was supported in the chamber by a small brass clip at each end, one being firmly applied 
to the lower stopper, the upper to a fine thread leading to an isotonic myograph,^ 
counterbalanced and backstopped. Moist nitrogen, containing less than 0.04 per cent 
oxygen, was fed from a saturating chamber through a glass tube in the lower stopper, and 
out through the upper. A thermometer was fastened to the upper stopper in each 
ch^ber. The muscles were stimulated directly through the brass clips by make shocks 
from an inductorium. The interval between stimulations was from 18 to 25 seconds in 
different experiments. This long interval was used to avoid any possibility of the muscle 
warming during the experiment. The load was adjusted to give a convenient excursion 
on the k 3 anograph. The primary voltage was three, and the twitches were kept maximal 


^ Obtainable from the Harvard Instrument Co. 
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by adjustment of the secondary coil every 10 minutes. The muscles were stimulated 
until they would not respond even to the strongest stimulus. This was usually within 2 
hours. Control muscles were treated like stimulated in every way but stimulation. 

Some of the early experiments were carried out at room temperatures from 25 to 29®C., 
but the control values were so high, because of heat glycolysis, that all the later experi- 
ments were done at 0®C., by keeping both the stimulation chamber and the nitrogen 
moistener immersed in a wide-mouthed insulated jug filled with cracked ice. The tem- 
perature difference between the two chambers that contained the control muscle and the 
stimulated was never more than The muscles did not change in water content in 

periods up to 2 hours. 

When the stimulated muscle was completely fatigued, finely powdered carbon dioxide 
was poured into the chamber and into the control chamber at such a time that both 
muscles would have the same period of anaerobiosis. The frozen muscles were then 
stored in air-tight stoppered tubes surrounded by solid carbon dioxide. The water, 
glycogen, and lactate content of muscles stored in this way did not change in a week. 
Samples for estimation of water, glycogen, and lactate were taken by cutting the frozen 
muscle in a direction parallel with the fibers, into two large pieces and one small piece. 
The gastrocnemii averaged about 500 mg. in weight. For water determinations, about 
50 mg. was used; for glycogen and lactate, about 200 mg. 

Water determinations were made by drying the muscle for 24 hours at llO^C. 

Glycogen was estimated by the method of Good, Kramer, and Somogyi (11) with 
slight modification. The tissue was hydrolyzed by 1 ml. of 30 per cent KOH in 15 
cc. graduated conical centrifuge tubes fitted at the top with spherical air condensers 
seated in constrictions, and all subsequent manipulation of the glycogen was done in 
these tubes. When the glycogen was precipitated in 60 per cent alcohol, the mixture was 
vigorously stirred by a fine platinum wire fitted to an electric stirrer. This maneuver 
seemed to improve the precipitation of the glycogen. After the glycogen was hydrolyzed 
to glucose in 2.2 per cent HCl at lOO^’C. for 2}^ hours, the pH was adjusted to 10 with 
th 3 rmol blue and 5 per cent ROH. The titratable acidity to pH 10.3 of the aliquots 
was not more than 0.01 cc.of n NaOH, as Forbes and Andreen-Svedberg (8) recommend. 
Glucose was estimated by the method of Folin and Wu (7). Brominated molybdate was 
not used, because the reagent blank with unbrominated, even after 2 weeks, was negli- 
gible. ^ch run of glycogen estimations contained suitable reagent^blanks and a stand- 
ard solution of pure glycogen. The blanks were always almost colorless, and recovery of 
added amounts of glycogen corresponding to the amount in the muscle samples, ranged 
from 99 per cent to 103 por cent of the amount added. 

Muscle extracts for lactate estimations were prepared with trichloroacetic acid by the 
technique of Newman (29), and aliquots were analyzed by the Edwards (4) modification 
of the method of Friedemann, Cotonio, and Shaffer (9). Each run of lactate estimations 
contained suitable reagent blanks and solutions of pure lithium lactate. Recoveries of 
added lactate in amounts comparable to those present in the samples of muscle ranged 
from 97 i>er cent to 103 per cent, and the blanks were of the same order as WendePs ^37). 

Control Experiments 

Blanks were run on the surpcal gauze, solid carbon dioxide, and nitrogen. 
They were negative for lactate and glycogen. The solid carbon dioxide 
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used in freezing several fatigued muscles was collected. It was negative 
for lactate and glycogen. The materials used therefore neither added 
blanks nor abstracted glycogen and lactate from the muscles. 

The water content of 100 of the muscles used in the experiments was 
estimated. The mean was 80 per cent, S.D. 2.1 per cent. The data are 
not included, and no correction was made from one experiment to the next, 
since the water contents were practically the same in all muscles. 

The resting value of lactate was estimated for twenty muscles from legs 
frozen as soon as they were chopped off. The mean value, in milligrams of 
lactic add per 100 gm. muscle, was 17, S. D. 13. The average of the control 
musdes used in 53 experiments run at 0°C. was 25 mg. lactic add per 100 
gm. musde, S. D. 17. These musdes had all been dissected out, clipped in 
the apparatus, and exposed to nitrogen for periods up to 2 hours. The 
control values in 1940 were lower than in 1939, probably because of in- 
creased skill in handling the frogs. We concluded that our handling of the 
frogs and muscles was satisfactory, and that nothing in the methods gave 
falsely high values for lactate. 

The assumption has to be made in experiments such as these that the 
level of a given substance in the control musde at any given time may be 
taken as that which the fatigued musde would have had at that time if it 
had not been stimulated. This assiunption was shown to be valid for 
glycogen and lactate by taking both gastrocnemii from each of twenty-ffve 
frogs, and treating the pairs exactly alike, in lots of four pairs. Those of 
the first lot were frozen as soon as they had been dissected out. Those of 
the second lot were set up in the apparatus and frozen at once. Those of 
the third lot were set up for 2 hours anaerobically at O^C. before being frozen. 
Those of the last lot were set up anaerobically for 2 hours at 25°C. before 
being frozen. The differences between paired musdes averaged 17 mg. 
lactic add per 100 gm. muscle and 62 mg. glycogen per 100 gm. muscle. 
The differences were independent both of the initial glycogen content and 
of the previous treatment of the muscle before it was frozen. In three 
cases the difference in glycogen fell just outside the limits established by 
Kerly (18) for frogs and by Cori (3) for rats. In Table 1, significant changes 
in glycogen and lactate are considered to be 62 and 17, respectively. 

Experiments with F<Uigued Muscles 

The results of the experiments in which muscles were stimulated anaero- 
bically to complete fatigue (Table I) were variable. About one-half the 
muscles showed decreases in glycogen and increases in lactate in the range 
one usually finds with autumn frogs, that is, changes of 100 mg. or more 



TABLE 1 

Changes in Glycogen and in LactaU during Anaerobic Contraction at 0®C. to Complete Exhaustion 
Glycogen is expressed as milligrams of glucose per 100 gm. muscle, wet weight. Lactate is 
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388 
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86 
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61 
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48 

25 

41 

72 

57 
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54 

39 

42 
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38 

80 

20 
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31 

29 
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74 
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8 
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70 

62 

93 

76 
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69 
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76 
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16 

58 
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95 
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33 
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77 
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per 100 gm. of muscle. About one-half of them showed no significant 
decrease in glycogen, and about one-seventh of them showed no significant 
change in either glycogen or lactate; viz., experiments 32, 51, 60, 88, 89fl, 
90, 91, and 996. Only the highest, lowest, and average values are given 
for the experiments that showed significant changes in both glycogen and 
lactate. The data for the other experiments are given in detail. One 
explanation for the extreme variability of the results is perhaps suggested 
by Laquer’s work (19) showing that warming winter frogs for a few days 
restores the ability of their muscle tissue to break down added glycogen. 
The frogs used in the present experiments were caught by a dealer in Ver- 
mont, shipped to Boston, and stored in an animal farm imtil we bought 
them. There are no means of telling how much handling and warming 
they received between their native habitat and our refrigerator. 

In agreement with the work of others (18 and 23-27) there was no stoichi- 
ometric relation between glycogenolysis and lactate production. Three 
times as many muscles showed no change in glycogen as showed no sig- 
nificant increase in lactate. This suggests that many of the muscles used 
preformed carbohydrate intermediaries to produce lactate, but did not 
break down glycogen, even though it was present. 

For each of the experiments of 1939, a calculation was made of the 
quantity: 

(Sum of the heighta of all contractions) X (weight lifted) 

(Weight of muscle in grams) 

It gives a rough index of the capacity of a muscle to do physical work. 
These data are not included, because there was no simple relation between 
glycolysis and work done. Some of the muscles that did the most work 
showed no change in either glycogen or lactate, and some of those that did 
the least showed the most glycolysis. Further, there was no correlation 
between the capacity of the muscle to do work and its glycogen content. 
Some of the muscles that did very little work had glycogen contents of 
over 5(X) mg. per 1(X) gm. of muscle, and some of those that did the most 
work had the least glycogen. 

The effect of temperature on these experiments is not clear. Of fifteen 
ejqieriments at 25 to 29°C., eight showed no extra glycogenolysis during 
fatigue, over and above the heat glycogenolysis that was proceeding. The 
control lactate values were so high because of heat glycolysis that all of 
the later experiments were made at 0°C. Some of the experiments cited 
by Fletcher and Hopkins (6), Meyerhof (26-28), Hartree and Hill (14), 
and Peters (34), taken together, imply that the lactate production of fatigue 
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is less at 0 than at 25 C., but in our experiments at 25 to 29°C. two muscles 
failed to produce more lactate in fatigue than the lactate produced by heat 
glycolysis. 

The one result reported here that differs considerably from previous work 
has to do with the relation between glycogen level and capacity to glycolyze. 
Olmsted and his colleagues (31, 32) found two moribund R. catesbiana 
whose muscles had practically no glycogen and contracted without glycoly- 
sis. None of the normal frogs of Ochoa (30) and of Gemmill (10) had 
muscles that contracted anaerobically without glycolysis, although some of 
those treated with insulin did so. These three workers and Hoet and 
Marks (15) consider that a necessary and sufficient condition for anaerobic 
contraction without glycolysis is depletion of the muscle stores of carbo- 
hydrate. Gemmill (10) implied that the capacity of the muscle to do work 
anaerobically is directly proportional to the carbohydrate level, the im- 
portant carbohydrate being glycogen. In the present experiments, there 
was no evident correlation between the glycogen content of the muscle 
and its failure to glycolyze. Some of the muscles that did not glycolyze 
had over 500 mg. glycogen per 100 gm. muscle, namely, experiments 51, 
88, 90, and 91. Further, even in those muscles that did glycolyze, there was 
no correlation between the level of glycogen and the amount of change 
either in glycogen or in lactate. It should be emphasized that some of 
the muscles twitched 150 times or more, and could do a considerable amoimt 
of work with either a high or a low glycogen content. Evidently they had 
a store of glycogen, but did not use it. 

The source of energy for those muscles that did not glycolyze is puzzling. 
Muscles poisoned with iodoacetate still break down glycogen (25) and split 
abnormally large amounts of phosphocreatine (25). Ochoa (30) and Gem- 
mill (10) found a few muscles from frogs treated with insi^n that did not 
glycolyze anaerobically and did not split abnormally large amounts of 
phosphocreatine. Palazzolo (33) first showed that fatty acids disappear 
when the muscles of frogs and of hibernating hedgehogs become fatigued. 
There is a similarity between our frogs and Chambers’ (2) dogs which, in 
the third stage of starvation, cannot utilize carbohydrate, even if it is 
available. Buchwald and Cori (1) have demonstrated a disappearance of 
fatty acids from frog muscles stimulated to exhaustion. The Meyerhof 
school (30, 10) say that aerobic contraction by isolated muscles of frogs 
can take place on sources of energy not all carbohydrate, and suggest fat 
as a direct source of energy for contraction. Our results indicate that 
anaerobic contraction under special circumstances can take place without 
breaking down ^ycogen. 
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Addendum . — Unpublished work of Edwards and Dill (5) bears on the present experi- 
ments. They went surf fishing on October 11, 1931, in Buzzard’s Bay. The water tem- 
perature was near lO^C. and there was snow on the ground. They caught a small shark 
and three skates, pulled them struggling through the surf, killed them, and froze sections 
of the dorsal muscles in solid carbon dioxide. The blood lactate of the shark was 84 mg. 
lactic acid per 100 cc., of the skates, 42, 15, and 18. The muscle lactates of these skates 
were 42, 25, and 31 mg. of lactic acid per 100 gm. muscle. That is, under identical con- 
ditions, the blood lactate of the shark was high, but the blood and muscle lactates of two 
of the skates were at resting levels. These few observations suggest that the muscles of 
these skates were contracting under conditions that were essentially anaerobic, and yet 
were not producing much lactate. 


SUMMARY 

1. A considerable proportion of R. pipiens caught in the spring and 
stored without food for several weeks at about 4°C. had gastrocnein f that 
did not break down glycogen when they contracted anaerobically to com- 
plete exhaustion. A smaller number of the same muscles did not produce 
lactate. 

2. There was no evident relation between failure to break down glycogen 
and the glycogen content of such muscles, some of which had more than 
500 mg. of glycogen per 100 gm. of tissue. 

3. The hypothesis of Meyerhof and his followers that aerobic contraction 
of frog muscles may at times take place with sources of energy other than 
carbohydrate is therefore extended to include anaerobic contraction. 
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SOME EFFECTS OF IODINE AND OTHER REAGENTS ON THE 
STRUCTURE AND ACTIVITY OF TOBACCO 
MOSAIC VIRUS 

Bv M. L. ANSON akd W. M. STANLEY 

(From the Laboratories and ike Department of Animal and Plant Pathology ef The Rocktfdler 
Institute for Medical Research, Princeton, New Jersey) 

(Reodved lot publication, January 22, 1941) 

The SH groups of denatured egg albumin give a pink color with nitro- 
prusside (Heffter, 1907; Arnold, 1911) and reduce porphyrindin (Kuhn 
and Desnuelle, 1938). Native egg albumin does not give these charac- 
teristic SH reactions. Despite the fact that native egg albumin does not 
reduce porphyrindin, the SH groups of egg albumin or their precursors 
can be abolished by reaction of the native form of egg albumin with iodine 
(Anson, 1940; 1941). 

Tobacco mosaic virus is an SH protein of the egg albumin type, since 
denatured but not native tobacco mosaic virus gives a pink color with 
nitroprusside and reduces porphjrrindin (Stanley and Laufier, 1939) and 
since the SH groups of tobacco mosaic virus, as shown by the present ex- 
periments, can be abolished by reaction of the native form of the viirus 
with iodine. Iodine is the only reagent known to abolish the SH groups 
of egg albumin and tobacco mosaic virus by reaction with the native form 
of these proteins. The observations that denatured tobacco mosaic virus 
has SH groups and that these groups or their precursors can^be abolished by 
reaction of the native form of the virus with iodine suggested the study of 
the effect of iodine on the activity of tobacco mosaic virus. It was found 
in the present work that the SH groups of tobacco mosaic virus can be 
aboUshed by iodine without any change in the activity of the virus, as 
shown by the number of lesions produced by a given amount of modified 
virus on Nicotiana glutinosa plants or by the symptoms produced in Turki* 

tobacco plants. ,. 0 . ^ 

Tobacco mosaic virus has been inactivated by many different reagents, 

some of which are known to modify specific protein groups (Stanley, 1940). 
In the case of inactivation by formaldehyde, it was shown that the inactiva- 
tion was accompanied by aboUtion of amino groups and that removed of 
formaldehyde was accompanied by an increase in free ammo groups and by 
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partial reversal of the inactivation (Ross and Stanley, 1938). Although 
other viruses have been inactivated by formaldehyde, the structural changes 
brought about by formaldehyde were not established (Stanley, 1940). 
The formaldehyde eiq>eriments are the only ones in which the inactivation 
of tobacco mosaic virus has been associated with definite changes in protein 
groups by chemical tests on the modified protein. In no case has it hitherto 
been shown that tobacco mosaic virus or any other virus can be modified 
structurally by chemical procedures in vitro and still produce disease. 

In the study of enzymes several cases have been found in which the 
enzyme structure can be altered without inactivation of the enzyme. The 
amino groups of pepsin can be acetylated without loss of the proteolytic 
activity (Herriott, 1934). Carboxypeptidase is m five even in the presence 
of formaldehyde (Anson, 1937). Some of the bH groups of urease can be 
oxidized without any change in the urease activity (Hellerman, 1939). 

The inoculation of Turkish tobacco plants with virus whose SH groups 
have been abolished with iodine results in the production of virus with 
the normal SH content. If the virus in the inoculum is not reduced within 
the living plant cells to virus with a normal SH content it must be concluded 
that iodine-modified virus causes the production, not of exact replicas, but 
of normal or unmodified virus. Such a result might be expected if virus 
with a normal SH content represents the nearest structure to the modified 
virus which may be S3mthesized within the plant cells due perhaps to some 
preexisting pattern. If, however, the inoculation of modified virus is 
followed by its reduction within the living plant cells to virus with a normal 
SH content it would be expected that the latter would stimulate the pro- 
duction of more normal virus. At the present time it is not known which 
of these alternatives represents the true course of events. It was foimd, 
however, that iodine-treated virus is not reduced to normal SH virus by 
a mash of normal tobacco plants. Unfortunately this is not absolute 
proof that such reduction does not take place in the living plant cells. 
Nevertheless it seems likely that reduction to SH of groups oxidized beyond 
S-S does not occur withm the cells and hence that the present experi- 
ments provide an example in which a virus has been altered structurally 
without perpetuation of the structiural changes in subsequent generations. 
Although at the present time it is impossible to assign definite reasons for 
the failure to perpetuate the structural change the results are important 
in connection with any consideration of the mechanism of virus repro- 
duction. 

If enough iodine is added to egg albumin (Anson, 1941) or to tobacco 
mosaic virus, not only are the SH groups abolished but the tyrosine groups 
are converted into di-iodotyro^e groups. When enough iodine is added 
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to tobacco mosaic virus to iodinate the tyrosine groups, the virus is inac- 
tivated. This result does not of itself prove that the inactivation is due 
to the change in the t3a:osine groups and not to some other iodine reaction 
which occurs under similar conditions. However, it is known that when 
enough iodine is added to insulin (Harrington and Neuberger, 1936) or 
pepsin (Herriott, 1937) to iodinate the tyrosine groups, these proteins 
are likewise inactivated. 

Whether or not it is posable to convert some of the tyrosine groups 
of tobacco mosaic virus into monoiodo or di-iodotyrosine groups without 
inactivating the virus is not decided by the present experiments. 

lodoacetamide at pH 8.0 under the conditions used in the present ex- 
periments abolishes few if any SH groups of tobacco mosaic virus, but 
nevertheless almost completely inactivates the virus. This result is of 
some interest for iodoacetamide has been regarded as a specific reactant 
for protein SH groups. It is hoped that the nature of the reaction which 
results in the inactivation by iodoacetamide will be elucidated in 
future work. 

The present experiments raise such questions as whether all viruses, 
like tobacco mosaic virus, have SH groups which react with iodine but not 
with porphyrindin; whether in all cases oxidation of the SH groups fails 
to cause irreversible inactivation or indeed any change in the general 
character of the disease or in the t 3 rpe of virus produced in the infected 
plant; and whether all viruses can be inactivated by concentrated iodine 
and iodoacetamide. The fact that a virus variant was not produced by 
changes such as those described in the present paper does not mean that 
the production of variants by chemical treatment is impossible. It may 
be that the production of chemical variants must await the development of 
techniques for changing the amino acid content or arrangement of a virus 
without causing loss of virus activity, rather than merely changing amino 
acid groups such as SH. Experiments of the kind which have been done 
with tobacco mosaic virus in which the changes in both protein structure 
and activity are followed can, in case of necessity, be carried out with only a 
few milligrams of purified virus. It is to be hoped that similar experiments 
will be carried out with different viruses and also that different reactions 
will be used in the attempt to produce virus variants in vitro by definite 
rVi PTnirfi.1 changes of protein structure. 

experimental 

The Nitroprusside Test— The nitroprusside test used in the present ex- 
periments is carried out as previously described in a solution of guanidine 
hydrochloride prepared from purified guanidine carbonate (Anson, 1941). 
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With reciystallized egg albumin about the same pink color is obtained with 
nitroprusside, whether 1 drop of 0.1 m cyanide is added or not. This small 
amount of cyanide suffices to combine with heavy metal impurities and 
does not cause any significant reduction of S-S to SH. i^th some samples 
of tobacco mosmc virus, however, an extremely weak nitroprusside test is 
obtained imless a drop of dilute cyanide is added. This indicates that 
some samples of tobacco mosaic virus may contain impurities which inter- 
fere with the nitroprusside test for SH groups. 

The cyanide-nitroprusside test for S-S groups which are reduced to SH 
by cyanide is conveniently carried out as previously described (Anson, 1941) 
by adding 1 drop of 2 n cyanide to the protein in strongly alkaline guanidine 
hydrochloride solution and adding the nitroprusside 5 minutes later. The 
nitroprusside test carried out with no cyanide or with dilute cyanide which 
does not reduce S-S will be referred to as the nitroprusside test. When 
strong cyanide which can reduce S-S is added, the test will be called the 
c 3 ranide-nitroprusside test. 

SH Titrations . — ^The SH groups of denatured egg albumin can be es- 
timated by allowing the protein to stand 45 minutes in neutral guanidine 
hydrochloride solution and then determining how much porphyrindin must 
be added to abolish the nitroprusside test (Greenstein, 1938). This method 
was applied to tobacco mosaic virus, and it was found that 1 cc. of 0.0006 
N porphyrindin was required for 10 mg. of virus in order to abolish the 
nitroprusside test (Stanley and Lauffer, 1939). 

The SH titration in guanidine hydrochloride solution has recently 
been modified in two ways. First, ferricyanide, tetrathionate, and p- 
chloromercuribenzoate are used as titrating agents instead of porph}nindin. 
Second, the titrating agent is added before the guanidine hydrochloride 
instead of 45 minutes thereafter (Anson, 1941). When purified guanidine 
hydrochloride is used, the same SH titration value for egg albumin is ob- 
tained whether ferricyanide is added before or after the guanidine hydro- 
chloride. When the guanidine hydrochloride happens to contain impurities 
— which almost all commercial samples tested were found to contain — ^then 
low results are obtained by the original procedure because some SH groups 
are oxidized while the protein is standing in guanidine hydrochloride solu- 
tion before the addition of ferricyanide. When ferricyanide is added to 
tobacco mosmc virus 45 minutes after the guanidine hydrochloride, different 
results are obtained by titrating the SH groups of different samples of virus 
even when purified guanidine hydrochloride is used, because some samples 
of virus themselves contain impurities which bring about the abolition of 
SH groups in guanidine hydroddoride solution. When guanidine hydro- 
chloride of suitable purity is used and the titrating agent is added before 
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the guanidine hydrochloride, then 1 cc. of 0.00056 n ferricyanide, tetra- 
thionate, or mercuribenzoate is needed to abolish the nitroprusside test of 
10 mg. of tobacco mosaic virus, and all samples of virus give the same ti- 
tration value. In the foUovring experunents, SH groups are estimated by 
the ferricyanide titration method with ferricyanide added before the guani- 
dine hydrochloride according to the directions previously described (An- 
son, 1941). 

The SH groups of egg albumin (Anson, unpublished results) and of 
tobacco mosaic virus can also be estimated by measuring the blue color 
obtained when the proteins reduce Folin’s uric acid reagent in neutral urea 
solution. The values obtained agree with those obtained by the ferricyanide 
titration. 

Ross (1940) found that tobacco mosaic virus contains no methionine 
and a total amount of SH plus S-S sulfur which, within the experimental 
error, accounts for the total sulfur content of the virus of 0.2 per cent. The 
total SH plus S-S was estimated by titrating the SH groups in an HI hy- 
drolysate, in which any S-S has been reduced to SH. The present SH 
titrations in guanidine hydrochloride solution confirm earlier results (Stanley 
and Lauffer, 1939) and show that all the sulfur of tobacco mosaic virus can 
be accounted for by SH alone. 

Reactions with Iodine . — ^Tobacco mosaic virus prepared by difierential 
ultracentrifugation (Stanley and Wyckoff, 1937; Stanley, 1937) has been 
treated with iodine under various conditions and the products tested for 
SH groups, for groups which can be reduced to SH by cyanide, for tyrosine 
groups by the Millon test, and for virus activity. The results are given 
in Table I. In the first experiments small amounts of iodine are added to 
neutral tobacco mosaic virus at 0°C., all the iodine is consumed, and the 
minimum nmn nnt of iodine is found which abolishes the^nitroprusside test 
in guanidine hydrochloride solution. 

O.S cc. of iodine solution (prepared by diluting a stock solution of 0.1 n Ii in 0.18 N 
KI) is added to O.S cc. of 2 per cent tobacco mosaic virus plus 0.1 cc. of a buffer consisting 
of equal parts 1 M Na 2 HP 04 and 1 M NaHsP 04 . All the solutions are precooled in ice 
water. After this solution has stood 30 minutes at 0°C. and the solution gives no color 
with starch, the nitroprusside test in guanidine hydrochloride solution is carried out. 
The test is positive if the amount of iodine added is 1.5 times the amount theoretically 
needed to oxidize the SH groups found in denatured tobacco mosaic virus to S-S, and 
negative if 2.5 times the theoretical amount k added. Even when no test for SH groups 
k obtained, a strong test is obtained if the iodine-treated protein is first exposed to 
alkaline cyanide which can reduce S-S to SH. 

If iodine is added to native egg albumin at O^C. and in the pfesence of 
1 N KI, the SH groups of egg albumin can be abolished by the addition of 
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1 cc. of 0.001 N iodine to 10 mg. of native egg albumin. This is exactly 
the amount theoretically needed for the oxidation of the SH groups in 
denatured egg albumin to S-S. If 2 cc. of 0.001 N iodine is added, then 
1 cc. of 0.001 N iodine is consumed, as shown by back titration with 
thiosulfate (Anson, unpublished results). When 1 cc. of 0.00056 n It (the 
theoretical amount) is added to 10 mg. of neutral tobacco mosaic virus at 
0°C. and in the presence of 1 ic KI, no iodine is used up in 30 minutes, as 
shown by back titration with thiosulfate. 


TABLE I 

RsacHons of Iodine with Tobacco Mosaic Vifus 


Coinpositioii of reaction mixture 
O^oc. viruB aolution 

0^ cc. Is folution 

Temper- 

ature 


Nitro- 

Cyanide- 

nitro- 

pruaaide 

teat 

MiUon 

teat 

Leaiona per half 
leaf 

Eati- 

mated 

0.1 cc. PO« aolution 

Time 

pruaaide 

teat 

Iodine- 

Control 

virua 

amount 
of inac- 







treated 

viruB 

tivation* 

mg^Hfce, 

N 

•c. 

kn. 






ptreiU 

20 

0.00168 

0 

0.5 

— 

+ 

+ 

56.5 

65.5 

14 

20 

0.00280 

0 

0.5 

— 



70.0 

79.0 

11 

10 

0.01 

37 

2 

— 

+ 

+ 

35.7 

35.4 

0 

10 

0.04 

37 

2 

— 

— 

+ 

29.1 

29.2 

0 

10 

0.04 

37 

8 

— 

— 

+ 

79.2 

104.5 

24 

10 

0.04 

37 

24 

— 

— 

+ 

35.8 

46.0 

22 

10 

0.05 

37 

2 

— 

— 1 

4* 

28.8 

34.8 

17 

10 

0.06 

37 

2 

— 

— 

+ 

25.4 

32.2 

21 

10 

0.06 

37 

2 

— 

— ■ 

+ 

31.2 

47.7 

35 

10 


55 

0.5 

— 

^ 1 

+ 

15.3 

30.1 

49 

10 

0.04 

55 

0.5 

— 

— 

4- 

11.6 

22.0 

47 

20 

0.1 

37 

2 

— 

— 

— 

2.5 

30.3 

92 

10 

0.1 

37 

2 

— 

— i 

— 

4.5 

34.5 

87 

10 

0.05 

60 

1 

— 

1 

— 

0.0 

20.2 

100 


* Differences of less than about 20 per cent are not regarded as indicating a significant differ- 
ence in virus activity. 


One cannot dedde on the basis of our experiments alone why the SH 
groups of tobacco mosaic virus, unlike the SH groups of free cysteine and 
of egg albumin, do not react with dilute iodine in 1 n KI. It may be that 
the SH groups of tobacco mosaic virus or their precursors are less reactive 
tlum the corresponding groups of egg albumin. It is also possible that there 
are spatial obstacles to the ready formation of S-S groups in native tobacco 
mosaic virus (cf. Neurath, 1940). 

One might suppose that the tyrosine groups of native egg albumin would 
react with dilute iodine in 1 N KI, even if the SH groups fail to react. Even 
free tyrosine, however, does not react with dilute iodine if the solution 
contains 1 n KI (Anson, unpublished experiments). 

Li the second series of experiments, enough iodine is added to abolish 
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the cyanide-nitroprusside test but not the Millon test, which is positive 
for tyro^e groups and negative for di-iodotyrosine groups. Ah the iodme 
is not absorbed, so the excess iodine is removed before the tests are carried 
"out. When 0.05 n I 2 is added under the conditions chosen, the cyanide- 
nitroprusside test is negative, the Millon test is strongly positive, indicating 
that few tyrosine groups have been converted into di-iodotyrosine groups, 
wud the virus activity is essentially unaffected as shown by the fact that 
the ioilire-treated virus produces about as many lesions as an equal amount 
of untreated virus. As the amount of iodine added or the temperature is 
increased, the Millon test and the activity become weaker and insoluble 
protein is formed. Similar results can be obtained by adding 0.05 N I*, 
that is, without increasing the iodine concentration, if the reaction is carried 
out for a day instead of 2 hours or if the solution is made more alkaline. 

The exp>eriments are carried out as follows. To 0.5 cc. of 1 per cent virus there are 
added 0.1 cc. of 1 m phosphate buffer at pH 6.8 and 0.5 cc. of iodine solution. The result- 
ing solution is kept at the designated temperature and period of time in glass stoppered 
weighing bottles, then 0.5 cc. of thiosulfate of the same concentration as the iodine is 
added, and finally the mixture is made up to 5 cc. with water. For the color tests the 
protein is precipitated with 0.2 n trichloracetic acid, centrifuged, stirred up with 0.2 n 
trichloracetic acid, and centrifuged again. For the activity measurements, the solution 
is diluted 10 times with 0.1 m phosphate buffer at pH 7.0 and the virus activity compared 
with that of an equal amount of control virus by the half-leaf local lesion method on 20 
or more leaves of Nicoiiana glutinosa (Loring, 1937). The control virus is kept under the 
same conditions in the absence of iodine and at the end of the reaction tetrathionate in- 
stead of thiosulfate is added. At the virus concentrations used there is a direct pro- 
portionality between the virus activity and the number of lesions produced on Nicotiana 
glutinosa leaves although differences less than about 20 per cent in the lesion count are 
usually not regarded as indicating a significant difference in virus activity (Loring, 1937). 

Although HI is a strong reducing agent, cysteic aqd (RSO*H) is not 
reduced to SH by HI under the conditions of the Baemstein HI hydrolysis 
of proteins (Kassell, 1940). Even when 0.04 N iodine is used to oxidize 
the SH groups of tobacco mosaic virus beyond the S-S stage, as shown by a 
negative cyanide-nitroprusside test, the protein on being dialyzed and then 
hydrolyzed with HI still yields as much cysteine as protein not treated with 
iodine. The oxidized groups are still reduced to SH by HI. This shows 
that the SH groups oxidized by iodine beyond the S-S stage are not oxidized 
as far as RSOiH. We are indebted to Dr. A. F. Ross for carrying out the 
HI hydrolysis and estimating the cysteine content of the HI hydrolysate. 

In the final experiment, a 1 per cent solution of virus is treated with an 
equal volume of 0.05 n iodine at fiO^C. for 1 hour. The cyanide-nitro- 
prusside and the Millon tests are negative, and the virus is completely 
inactivated. By carrying out the reaction at 60"C. instead of at 37*C., 
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one avoids the formation of insoluble protein. If the protein is insoluble, 
one cannot be sure that the inactivation is due to the chemical change and 
not to the insoluble state of the protein. 

SH Groups of Virus Produced in Plants Infected with Iodine-Modified 
Virus. — ^The following experiments show that the inoculation of TurUsh 
tobacco plants with virus whose SH groups have been abolished by iodine 
is followed by the production of virus with the normal number of SH groups. 

For the first experiment Turkish tobacco plants were infected with the 
virus partially inactivated by treatment with 0.06 n iodine at 37“C. as 
already described. Virus was isolated from the plants after they had been 
infected for 6 weeks and the SH of the virus was titrated with ferricyanide. 
The first time this experiment was carried out, virus was obtained whose 
SH groups were abolished by half the amount of ferricyanide normally re- 
quired. When this experiment was repeated several times, however, the 
virus isolated from plants infected with iodine-treated virus always gave 
the normal ferricyanide titration value. Furthermore, tobacco plants 
infected with the virus which gave the low titration value also yielded virus 
with the normal titration value. It is not known why in one case and in 
only one case virus with a low titration value was obtained. It is possible 
that tlus one sample of virus became accidentally contarmnated with im- 
purities which interfered with the estimation of the SH groups. 

The possibility existed that the iodine-treated virus preparation used to 
infect Turkish tobacco plants for the production of more virus contained a 
very small amount of virus which had escaped reaction with iodine, that 
this normal virus multiplied in the Turkish tobacco plants much more 
rapidly tha n the modified virus, and that the normal virus finally obtmned 
had its origin in the small amount of normal virus which had escaped re- 
action with iodine. In one series of experiments, therefore, the iodine- 
treated virus was used to infect not Turkish tobacco, in which tobacco 
mosaic virus causes a systemic infection, but Nicotiana glutinosa, in which 
tobacco mosaic virus causes local lesions. When sufficiently dilute virus 
is used to infect such plants, each lesion is believed to contain only a single 
strain of virus, a fact which makes possible the separation of different strains 
of virus (Jensen, 1933; Kunkel, 1934). Turkish tobacco plants were in- 
fe<!ted by means of inocula prepared from single lesions previously obtained 
by rubbing iodine-treated virus over the leaves of N. glutinosa plants. The 
virus isolated from these Turkish tobacco plants was found to have a normal 
SH content. 

In the first experiment, tobacco mosaic virus was treated with an equal volume of 
0.01 M iodine for 2 hours at 37”C. as in the previous experiment with 0.04 K iodine. The 
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resulting virus gave a negative nitroprusside test but a positive cyanide-nitroprusside 
test. When tested against an untreated sample at a dilution of 10*^ gm. per cc. by the 
half-leaf method, the iodine-treated preparation gave an average of 35.7 lesions per half 
leaf and the control an average of 35.4 lesions per half leaf. If the lesions produced by 
the inoculation of iodine-treated virus had been caused only by virus which had escaped 
reaction with iodine, the number of lesions would have been greatly reduced by the iodine 
treatment. The virus treated with 0.01 N iodine was then used at a dilution of 10“® 
gm. per cc. to inoculate the entire area of four leaves of a Nicotiana glutinosa plant. Five 
discrete and well separated lesions were selected and each was removed, macerated, and 
used as an inoculum for a group of four Turkish tobacco plants. 

In a second experiment seven groups of four Turkish tobacco plants were infected by 
means of inocula prepared from seven single lesions obtained from virus almost com- 
pletely inactivated by 0.1 Ij instead of from virus not inactivated at all by 0.01 n I*. 
It is extremely unlikely that this preparation contained any virus which had not reacted 
with iodine. 

To 20 cc. of 2 per cent tobacco mosaic virus there were added 4 cc. of 1 m phosphate 
buffer at pH 7.4 and 20 cc. of 0.1 n iodine in 0.18 n potassium iodide. The mixture was 
kept at 37^C, for 2 hours, 20 cc. of 0.1 n thiosulfate was added, and the final solution was 
dialyzed overnight against cold distilled water in a shaking dialyzer. A precipitate of 
insoluble material was removed by centrifugation and found to contain 170 mg. of pro- 
tein. The supernatant solution contained 0.2 mg. of virus per cc. which when applied 
to half leaves at a concentration of 10”^ gm. per cc. gave an average of only 2.5 lesions 
per half leaf. Since the untreated starting material when applied at a concentration of 
10“^ gm. per cc. gave an average of 30.3 lesions per half leaf on the other halves of the 
same leaves the soluble fraction was about 90 per cent inactivated. The largely inac- 
tivated soluble fraction of the virus treated with 0.1 n iodine was used at a concentration 
of 10“^ gm. of protein per cc. to inoculate the entire area of four leaves of a Nicotiana 
glutinosa plant, in order to obtain the single lesions used to infect Turkish tobacco plants. 

The character of the lesions produced by virus treated with 0.01 n or 0.1 n iodine and 
the course of the infection were the same as those observed when Nicotiana glutinosa 
plants are infected with untreated virus. 

After 5 weeks the groups of Turkish tobacco plants infected from single lesions pro- 
duced by virus treated with 0.01 N and 0.1 N iodine were cut and irozer as well as a group 
of Turkish tobacco plants inoculated at the same time with untreated virus. Several 
samples from each of the three groups were macerated and the virus isolated by the pro- 
cedure involving differential centrifugation customarily employed in this laboratory. 
In all cases the virus finally isolated had the normal SH content as measured by fern- 
cyanide titration and the normal specific activity as measured by the number of local 
lesions produced on half leaves. 

The experiments which have been described show that the disease caused 
by virus whose SH groups have been abolished by iodine is not .due to 
residual virus which escaped reaction with iodine. They show further that 
the iodine treatment does not produce a new variant. So far as one 
tell by the tests used, iodine-treated virus brings about normal infection 
and the production of normal virus. The results do not permit a decision 
as to whether or not iodine-treated virus is reduced in the living plant to 
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normal virus before multiplication of virus takes place. It was proved, 
however, that a mash of Turkish tobacco plants does not reduce virus which 
has been oxidized by iodine. 

The virus added to macerated Turkish tobacco leaves was treated with an equal 
volume of 0.04 n I| for 2 hours at 37”C., as previously described. After the addition of 
thiosulfate to destroy the excess iodine and dialysis, it gave a negative cyanide-nitro- 
prusside test and a positive Millon test. 30 mg. of the iodine-treated, dialyzed virus 
was added to 20 gm. of a mash prepared by macerating by means of a meat grinder the 
fresh leaves of a normal Turkish tobacco plant. The mixture was allowed to stand 
overnight at room temperature and the juice was expressed and subjected to the puri- 
fication process involving differential centrifugation customarily employed in this 
laboratory. The 18 mg. of virus which was isolated was found to give a negative cyanide- 
nitroprusside test. 


TABLE II 


meet ef lodoaeetamide on the AcHvity o/ Tobacco Mosaic Virus 


Concentntioii 
of virus 

G>ncentratioii 

of 

iodoaceUmlde 

Temperature 



Time 

Lesions per half leaf 

Estimated 
amount of 
inactivation 

Virus treated 
with iodo- 
acetamide 

Control virus 

mg, per ee. 

M 

•c. 

krs. 



per eeni 

0.5 


37 

2 

13.3 

24.2 

45 

0.5 


37 

18 


23.2 

97 

5 


37 

6 

2.7 

12.9 

79 

5 

0.1 

55 

4 

1.1 

10 

89 


Reactions with lodoaeetamide . — lodoaeetamide at pH 9.0 abolishes 40 
per cent of the SH groups of native egg albumin (Anson, 1940). lodo- 
acetamide (prepared according to Anson, 1939) was added to tobacco mosme 
virus in 0.1 , m phosphate buffer adjusted to pH 8 with NaOH, and the con- 
centrations of the reagents and the time and temperature of the reaction 
were varied as shown in Table H. More alkaline solutions were not used 
in order to avoid inactivation of the virus by alkali. The virus in aliquot 
portions of the various preparations treated with iodoacetamide was pre- 
cipitated and washed with trichloracetic acid, dissolved in neutral guanidine 
hydrochloride solution, and titrated with ferricyanide. In every case the 
titration value was the same, within 10 per cent, as that obtained from 
normal untreated virus. In all the cases the virus was partially inactivated 
by iodoacetamide. The exact degree of inactivation, as shown in Table H, 
depended on the exact conditions of the reaction and in one case was as high 
as 97 per cent. 

In a report (Anson, 1940) of some preliminary experiments, it was stated 
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thftt tob&cco inossic virus could absorb iodine Ynthout being inactivated 
and that neither tobacco mosaic nor rabbit papilloma virus was inactivated 
by iodoacetamide. In the present experiments inactivation was brouj^t 
about by the use of much more concentrated iodoacetamide. 

Non-Ifuictivation by p-CMoromercuribenzoate . — ^Chloromercuribenzoatei 
an SH reagent introduced by Hellerman (1939), combines with the SH 
groups of denatured egg albumin and denatured tobacco mosaic virus. It 
combines with native egg albumin either not at all or very loosely (Anson, 
1941). In the present investigation it was found that 0.1 per cent tobacco 
mosaic virus is not inactivated at room temperature in a neutral solution 
containing 0.001 n mercuribenzoate, an amount which would combine with 
all the SH groups of the virus if the virus were denatured. 

SUMMARY 

1. Denatured tobacco mosaic virus has a number of SH groups cor- 
responding to its total sulfur content of 0.2 per cent. The SH groups were 
estimated by titration with ferricyanide, tetrathionate, and ^chloromercuri- 
benzoate in guanidine hydrochloride solution and by reduction of the uric 
add reagent in urea solution. 

2. The SH groups of tobacco mosaic virus or their precursors can be 
abolished by reaction of the native form of the virus with iodine. 

3. Tobacco mosaic virus whose SH groups have been oddized beyond 
the S-S stage by iodine but whose tyrosine groups have not been converted 
into di-iodot 3 rrosine groups still retains its normal biological activity as 
shown by the number of lesions it causes on Nicotiana glutinosa plants and 
by the characteristic disease produced in Turkish tobacco plants. 

4. The inoculation of Turkish tobacco plants with active virus whose SH 

groups have been abolished by iodine results in the production of virus with 
^e normal number of SH groups. ' 

5. If enough iodine is added to tobacco mosaic virus or if the iodine 
r ea cti o n is carried out at a sufSidently high temperature, then the tyrosine 
groups are converted into di-iodotyrosine groups and the virus is inactivated. 

6. Tobacco mosdc virus can be almost completely inactivated by iodo- 
acetamide under conditions under which iodoacetamide reacts with few if 
any of the protein’s SH groups. 

7. Tobacco mosaic virus is not inactivated by dilute ^chloromercuri- 
benzoate. 
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THE EFFECT OF SONIC VIBRATIONS ON PHAGE, PHAGE 
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Dtiring recent years mechanical vibrations produced by sonic and ultra- 
sonic oscillators have been used extensively for two tjrpes of investigation 
in the field of bacteriology. Chambers, Mudd, Flosdorf, and coworkers at 
the University of Pennsylvania, have employed sonic vibrations to rupture 
bacterial cells and liberate antigenic substances. They have obtained 
detectable quantities of immunologically active components which normally 
are very labile, as for example, the soluble material of H. pertussis responsible 
for absorption of phase I agglutinins (1), the E. typhi Vi antigen (2), and 
the phagocytosis-promoting factor of the Lancefield C substance (3) . 

Another application has been the denaturation of various biologically 
active proteins such as enzymes and viruses. Flosdorf and Chambers (4) 
studied the inactivating effect of a frequency of 8900 cycles per second on 
egg albumin and found that the denaturation produced was comparable to 
that obtained with other denaturing agents. Rivers, Smadel, and Chambers 
(5) exposed vaccinia virus to the same frequency, the elementary bodies 
were inactivated but did not undergo disruption. Hapwood, Salaman, 
and MacFarlane (6) used ultrasonic waves generated by a quartz crystal vi- 
brating at a natural frequency of 550 kc. per second for the treatment of 
vaccinia virus but did not observe any inactivation. In the case of tobacco 
mosaic virus, however, Stanley (7) found that the 550 kc. pur second fre- 
quency produced fairly rapid inactivation. While conflicting results have 
l^n reported with reference to inactivation and denaturation, this is 
probably due in large measure to the wide variations in intensity, frequency, 
and mode of application of the vibrations. 

We wish to report here the results of experiments undertaken to compare 
the rates at which phage, phage precursor, and staphylococci are destroyed 
by sonic vibrations. 

* The authors wish to express their thanks to the John and Maty R. Markle Founda- 
tion and to Mr. Oscar Johnson for their generous support. 

691 













A. P. KRUEGER, B. B. BROWN, AND E. J. SCRIBNER 


693 


Methods 

A magneto-striction oscillator of approximately 320 watts output was constructed to 
produce vibrations of 9300 cycles per second frequency in a 20 gauge nickel tube having 
an outside diameter of % inch. Fig. 1 gives the details of the circuit construction 
and the mounting of the nickel tube. In the oscillators previously reported the nickel 
tube has been pointed upward with the result that special provisions had to be made to 
maintain the material exposed in place over the tube. By constructing the tube so that 
it points downward it has been possible to circumvent many of the difficulties attending 
sonic treatment and we find that solutions to be studied can be placed in suitable open 
containers very conveniently. Two factors contributing to the operating efficiency of 
the oscillator are the improved tube suspension which diminishes damping to a great 
extent and the use of containers properly curved for focusing reflected sonic waves. 


Fig. 1. Circuit diagram for sonic generator. 
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Li « 2000 turns No. 22 gauge enameled copper wire layer wound 1 X inches. 
Li ■■ 2000 turns No. 22 gauge enameled copper wire layer wound I X lyi inches. Lz 
B 12 series connected, stagger wound pancake coils of No. 22 gauge enameled copper 
wire, 123 turns each (1476 turns total) center tapped. These coils wound on inch 
core and separated by 10,000 volt insulating spacers. Complete assembled unit is 4 
inches thick X 8 inches diameter. L 4 « 2 series connected, layer wound coils of No. 
22 gauge enameled wire 250 turns each, cored with yi inch X TyC shrilled mild steel 
pieces, gaped on ends at 0.020 inch. These coils pick up high voltages due to eddy cur- 
rents so are insulated with 5,000 volt varnished cambric. Magnet is activated by 110 
volts D.c. at 13.6 amps. K «= a choke coil approximately yi Henry. The 4 lb. core is 
2 square inches laminated high grade silicon steel 0.008 inch air gap. Primary 2 sections 
of 500 turns total No. 25 guage enameled copper wire with secondary interposed. Four 
leads. Secondary, 400 turns No. 23 guage enameled copper wire renter tapped. 

Ri B 250,000 ohms resistance. R 2 =* 100,000 ohms resistance. Rs « 20,000 ohms — 
2 watts. Ra — 20,000 ohms — 2 watts. ■■ 20,000 ohms — 2 watts. Rz — 100 
ohms — 2 watts. R7 - 3,000 ohms — 75 watts. 

The lower diagram shows the oscillating coil and d.c. magnets, as centrally located 
in a copper tank, 12 X 12 X 18 inches. Coal oil, chosen because of its high flash 
point and high didectric constant is circulated at 6 ®C. through this tank and delivered 
under pressure to the bottom of the nickel tube. This device insures that the max- 
imum temperature attained in the sample is not greater than 16^C. 



694 


PHAGE, PHAGE PRECURSOR, AND BACTERIAL SUBSTRATE 


Experiments were performed to determine whether the withdrawal of aliquots at 
intervals with consequent reduction in total volume of the exposed material would 
sufficiently alter energy absorption conditions to affect the rates of change. It was found 
that aliquot sampling restricted to small volumes did not detectably influence the slope 
of the curves for cell destruction or phage inactivation. For the sake of uniformity and 
convenience this sampling procedure was employed throughout our work rather than the 
more cumbersome method of exposing successive identical volumes for various time 
periods. 

To study the rate of phage inactivation standard staphylococcus phage containing 
1 X 10^® activity units/ml. was diluted to a titer of 1 X 10® units/ml. in Lockers solution 
of pH 7.2. The solution was exposed to the action of the oscillator and samples were 
removed at intervals for determination of residual [phage] by the activity method (8). 
The rate of phage inactivation was found to serve satisfactorily as a measure of the 
oscillator’s operating efficiency and the energy output was checked daily by running a 
phage inactivation experiment. Besides measuring the effect of the vibrations on phage 
alone we have carried out experiments on the rate of inactivation of phage in the presence 
of various concentrations of homologous staphylococci. 

To determine the killing effect of the vibrations on staphylococci, suspensions con- 
taining approximately 5 X 10^® cells/ml. in Locke’s solution at pH 7.2 were exposed and 
sampled at intervals, the residual viable cells being determined by plate counts. 

For the study of phage precursor inactivation the following procedure was employed: 

18 hour Roux flask cultures of staphylococci grown on nutrient agar were washed 
twice in Locke’s solution and a broth suspension was prepared containing 5 X 10® or- 
ganisms/ml. The culture was maintained at 37®C. for 1 hour while oxygen was bubbled 
through the broth. At the end of this time an equal volume of broth was added and the 
oxygenation at 37®C. was continued for an additional hour. The cells were then centri- 
fuged down and re-suspended in Locke’s solution at a final concentration of 5 X 10^® 
cells/ml. Such ‘^activated” cells when added to phage produce a tenfold increase in 
activity titer after only 2 minutes contact at 0®C. This phage-augmenting capacity has 
been attributed to the presence of phage precursor in the bacteria (9). The rate at which 
supersonic vibrations destroy intracellular precursor was followed by interval sampling. 
To a 4.0 ml. aliquot of each sample diluted to a bacterial density of 5 X 10® cells/ml. 
was added 1.0 ml. of phage containing 1 X 10® activity units/ml. The mixtures were 
kept at 5^C. for 5 minutes to allow the conversion of residual precursor into phage and 
were then titrated for phage activity. Plate counts were also made on the same samples 
to eliminate the possibility that any apparent reduction in precursor content might be 
ascribable to the killing of bacteria with subsequent irreversible sorption of phage. 

EXPERIMENTAL RESULTS 

When phage solution is exposed to the action of sonic vibrations of 9300 
cycles per second frequency, there is no demonstrable lag period in the 
phage destruction curve; within 10 minutes the phage is reduced to about 
0.1 per cent of the original titer (Fig. 2). In the cases of the precursor inac- 
tivation processand the lethal effect on bacteria there are lag phases of about 
3 minutes and 30 minutes respectively (Fig. 3). It should be pointed out 
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Fig. 2. Phage inactivation by sonic waves. . The straight line represents the course 
of phage inactivation in the absence of bacteria. Phage inactivation in the presence of 
susceptible organisms follows the same curve for a time after which there is no further 
destruction of phage. The curve for phage alone is the average of twelve t-T porimAnt B 
and that for phage in the presence of bacteria is the average of ten experiments. 



Fio. 3. The curves for inactivation of phage precursor and killing of bacteria by sonic 
waves. Residual intracellular precursor was measured by capacity of the cells to form 
phage when added to phage. Numbers of bacteria were determined by plate count. 
For both curves the data of eleven experiments were averaged. 


that the curve for precursor inactivation is expressed as total phage produced 
when cells to be tested for precursor are added to a known amount of pba g»» 
The initial phage titer of the mixture is 2 X 10* activity units/ml. and any 
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increase above this level can be attributed to precursor reacting with phage 
to form more phage (10). The precursor inactivation experiments present 
a possible source of error in that the accumulation of any appreciable 
number of dead cells in the treated samples might bring about an ap- 
parent reduction in total phage formed without actually involving a direct 
loss of precursor. This depends upon the fact that dead cells can take up 
large amounts of phage; such sorption is irreversible and the attached 
phage does not participate in the titration (11). “Dead cells” as used here 
connote staphylococci which have lost their power to reproduce and if this 
criterion is employed there can be no error in the precursor inactivation 
curves for all the precursor is lost by the time the reproductive capacity 
of the staphylococci is measurably reduced. However, there remains the 
further possibility that cells treated with sonic vibrations may develop 
the property of taking up phage irreversibly before the reproductive mecha- 
nism is damaged. Control experiments were run on this point, using both 
normal and activated bacteria, and it was foimd that irreversible sorption 
does not take place until the cells have lost their ability to divide. 

Once the lag phases are ended the destruction of precursor and the killing 
of staphylococci proceed logarithmically with time, the rate of the former 
process being somewhat faster than that of the latter. Theoretically one 
would expect the precursor to be destroyed much more rapidly than the 
cells, for it seems to be a protein (12) and its probable particle size may be 
assumed to be of the order of magnitude of phage itself; i.e., very much 
smaller than the bacterium. Therefore the energy required for denatura- 
tion of the precursor molecule should be much less than the amount needed 
to destroy the cells. Actually, however, two facts modify this hypothesis. 
Li the first place the precursor is intracellular and as a consequence is 
protected by the cell substance which no doubt absorbs a major share of 
the sonic vibrations. Secondly, in our experiments we have not measured 
the rate of cellular disruption but rather the rate at which the cells lose 
their ability to reproduce. Minor alterations of only a fraction of the total 
ceU substance may be responsible for this loss. There is then no direct 
»gnificance to be attached to the similarity between the two rates of inac- 
tivation. The fact that the precursor content of the cell can be abolished 
before the reproductive mechanism is damaged, is compatible with recently 
reported observations; namely that heat (12), iodoacetic acid (13), and 
methylene blue + light (14) can accomplish the same result. 

The vast difference in particle size between the phage (about 50 lift) 
and the staphylococci (1,000 mm) can be invoked to account for the wide 
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variation in energy requirements for the destructive reactions. When 
phage is exposed to sonic vibrations in the presence of homologous organisms 
the rate of inactivation coincides initially with that for phage alone but 
plateaus are soon reached beyond which no further destruction of phage 
appears to occur. With [bacteriaj’s of S X lOVml. or 1 X lOVml. the 
plateau begins after 4 to 5 minutes of exposure and the [phage] remaining 
is about 6 per cent of the original titer. Lower [bacteria]’s'do not protect 
the phage as efficientiy; with 1 X 10’ and 1 X 10* bacteria/ml. the inactiva- 
tion continues for 12 minutes and only 0.02 per cent of the original phage is 
left in active form. As in the case of precursor the inhibition of sonic 
inactivation probably depends upon absorption of energy by the staphylo- 
coccal cell substance. The organisms take up most of the phage and the 
intracellular phage fraction is protected by the relatively large volume of 
bacterial protoplasm around it. In general higher concentrations of bac- 
teria confer a greater protective effect but for some unexplained reason 
the highest concentration of bacteria used, 1 X 10* cells/ml., gives no more 
protection than very low concentrations. 

SUMMARY AND CONCLUSIONS 

1. A nickel tube magneto-striction oscillator of 320 watts output pro- 
ducing sonic vibrations of 9,300 cycles per second frequency is described. 
Certain structural innovations contribute to operating efiBciency and per mi t 
more convenient exposure of test materials than in earlier types. 

2. The rate of phage inactivation by sonic waves proceeds logarithmically 
with time and serves as a satisfactory measure of energy output during 
operation of the generator. The curve for phage inactivation taking place 
in the presence of homologous staphylococci follows that for phage ^one 
but soon reaches a plateau after which no further los^of activity is noted. 
In general higher concentrations of bacteria more effectively inhibit phagt 
destruction than do lower concentrations. 

3. Cells that have attained a resting state after a preliminary phase of 
rapid growth normally have the capacity of inducing a very rapid and 
marked increase in [phage] when added to phage. This effect has been 
attributed to the presence of intracellular phage precursor. The store 
of phage precursor in activated cells is destroyed by sonic waves in about 
30 mmutes. The number of cells (plate count) shows no reduction until 
after the precursor is entirely inactivated. 

4. Attempts to extract phage precursor from activated staphylococci 
by exposing the cells to sonic vibrations were unsuccessful. 
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EFFECTS OF NITROBENZENE AND BENZENE ON VALONIA 


By W. J. V. OSTERHOUT 

{From the Laboratories of The Rockefeller InstUtUe for Medical Research) 
(Received for publication, February 8, 1941) 

Nitrobenzene^ is of special interest since, like certain living cells, it is 
able to discriminate electrically^ between Na+ and K+. 

This paper describes certain experiments in which it was applied to 
Valonia. Its effect on the p.n. is secn^ in Hg. 1. At the start the cell in 
sea water had a negative' p.d. of 6 mv. When 0.013 m nitrobenzene in 
sea water was applied the r.D. after a short latent period changed in a 
positive direction. The curve fell and then rose very slowly: the rise is 
termed “recovery” for convenience, but this does not mean that the cell 
is returning to its normal state. A similar result is obtained with guaiacol 
and with hexyl resiorcinol and the cause may be the same in all these cases. 

With guaiacol'' and with hexylresorcinoF recovery is usually complete 
or nearly so but in these experiments with nitrobenzene it was very slow 
and often incomplete.’^ 

The latent i^eriod in Fig. 1 is much shorter than with guaiacol and hexyl- 
resorcinol. But in many cases it is longer than in Fig. 1 and it may la.st 
45 seconds. With some cells the descent of the curve is much more rapid 
and may resemble that found with guaiacol. The time of recovery in 
nitrobenzene is very variable but in no case is less than 5 minutes. 

Nitrobenzene le.ssens the potassium effect. With normal cells replace- 

UVIftCNOa). 

2 Osterhout, W. J. V., Some models of protoplasmic surfaces, in Cold Spring Harbor 
symposia on quantitative biology, Cold Spring Harlx)r, Long Island Biological Associa- 
tion, 1940, 8 , 51. 

^The experiments were made on Valonia macrophysa, Kiitz., using the technique 
described in former papers (Osterhout, W. J. V., J. Gen. Physiol., 1936 .37, 20, 13; re- 
garding the amplifier see Hill, S. K., and Osterhout, W. J. V., J. Gen. Physiol., 1937-38, 
21, 541). The temperature varied between 20 and 25°C. 

No evidence of injury was seen in these experiments. 

^ The p.n. is called negative when the positive current tends to flow from the external 
solution across the protoplasm to the sap. 

" Cf. Osterhout, W. J. V., /. Gen. Physiol., 1936-37, 20, 13, 

® Osterhout, W. J. V., J. Gen. Physiol., 1940-41, 24, 311. 

^ True recovery occurred when the cells were replaced in sea water. 
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ment of sea water by 0.6 m KCl changed the p.d. in a negative direction 
by 20 to 54 mv. but when both solutions contained 0.013 M nitrobenzene 
the change was reduced almost to zero.* When sea water was replaced 
by “0.27 M K sea water” (sea water in which 0.27 m NaCl had been replaced 
by KCI) the change of p.d. in a negative direction was from 9 to 16 mv. But 
there was little or no change when both solutions contained 0.013 m nitro- 
benzene. 

Evidently nitrobenzene makes K+ and Na+ act more nearly alike. How 
does this come about? 

Neg. 


F 



Fig. 1. At the start the cell had a negative v.n. of 6 mv. in sea water. When the cell 
was removed from the sea water the curve fell suddenly and registered the ‘'free grid’’ 
(F) of the amplifier. Then nitrobenzene 0.013 m was added to the sea water and the 
curve jumped back to its former level and after a short latent period (including a slight 
rise) fell slowly until the p.d. was 41 mv. positive and later began to rise very gradually. 

Temperature 24°C. Fime marks 15 seconds apart. 


The behavior of Na"^' is changed as shown by the dilution effect. With 
normal cells dilution of the sea water to one half by isotonic glycerol (1.1m) 
containing 0.02 m ('aCl 2 + 0.012 m KCl changed the p.u. in a nega- 
tive direction to the extent of 5 to 12 mv. This change became less or dis- 
appeared entirely when the sea water contained 0.013 m nitrobenzene. 

A similar result has been obtained with guaiacoF and with hexylrc- 
sorcinol.® 

This indicates that in normal cells Wjja less than but under the 
influence of the reagent this difference diminishes or disappears, making 
the behavior of Na+ more like that of K+ since normally we have Wk > 

Assuming that the partition coefficients (concentration in thenon-aqueous 

^ The cells were first tested with 0.6 M KCl and returned to sea water. After a lapse 
of several hours they were tested with 0.6 M KCl + 0.013 m nitrobenzene. Failure to 
recover signifies an altered state of the cell (when dead the p. d. is zero). 
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protoplasmic surface -5- concentration in the external solution) are equal® 
for KCl and NaCl it is evident that in order to abolish the potassium effect 
Wk must be equal to Hence the loss of the potassium effect in the 

presence of the reagent indicates that Since normally 

> ^ci ^ ^Na this means that the reagent has increased decreased 

Ujf- (assuming that v^i remains constant which is the simplest working 
hyix)thesis‘®). 

It is of interest to note that when cells are in the “delayed p)olarization 
state”" they may be restored to the “regular polarization state” by applica- 
tion of nitrobenzene. 

The changes in p.d. caused by nitrobenzene (Fig. 1) are antagonized to 
some extent by ammonia. After the positive change has occurred the 
addition of 0.002 m NH4CI at pH 8.1 usually changes the p.d. to some extent 
in a negative direction without necessarily bringing it back to the original 
value (before the nitroVjcnzene was added). The protoplasmic resistance*^ 
is increased by nitrobenzene but when ammonia is subsequently added it 
falls. Ammonia also tends to put the cells into the delayed polarization 
state. 

The application of benzene (0.004 m to 0.008 m) produces effects re- 
sembling those described for nitrobenzene. Despite the differences between 
these substances*^ their effects arc quite similar. 

® 'J'hc partition coctUcients of KCl and of NaCl arc assumed to lx* equal. 'I'his is done 
because we have no satisfactory way of estimating them. Tn order to make such an 
estimate we should need to measure the change of imj. on diluting 0.6 m KCl (or a sea 
water rich in KCl) with an isotonic non-electrolyte but this is not practicable because in 
such solutions the p.d. constantly changes (r/. J)amon, E. B., ./. OV;/. Physiol., 10.^2 
16 , 375). Hence the apparent mobility as here u.-^ed includes the i)artition ccx'lVicient 
in the .sense that a higher partition coellicient of KCl would make z/k appear higher. It 
follows that the potassium effect becomes zero only when «k ci^iuals 

*” Since the resistance rises it is quite possible that z'ci is not constant but it may si.d 
be true that the ratio z^k diminishes and the ratio z#xa t’ci increase's which is all 

that the above discussion implies since when we say and /*Na we- really mean 
«K and since ?»ci is always taken as unity. ((/. Osterhout, W. J. V., 

J. Cen. Physiol., 1920 30, 13 , 715.) 

" Blinks, L. R., J. Gen. Physiol., 1935 36, 19 , 633. 

In this case the delayed polarization state was manifested by a lack of response or very 
little response to outward currents of less than 5 microamperes per square centin^cter. 
No larger outward currents and no inward currents w'ere applied since it seemed desirable 
to avoid changes in the surface due to current flow. 

*‘^Thc protoplasmic resistance was determined as described by lUinks and Skow 
(Blinks, L. R., and Skow, R. K., J. Gen. Physiol., 1940 41, 24 , 247). 

**The dielectric constants are, for benzene 2.2 (at 18"C.), for nitrobenzene 36 (at 
20°C.). The latter is very polar as contrasted with benzene and is more soluble in water. 
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According to Blinks^'* acids raise the resistance in Valonia and this is 
antagonized by ammonia. He suggests (personal communication) that 
when reagents such as nitrobenzene and benzene produce a rise in resistance 
which is antagonized by ammonia the change may be due to production of 
acid by the cell which may also cause an alteration in r.D. (in a positive or 
negative direction, depending on the region where the principal production 
of acid occurs). 

It may be noted, however, that the effects of nitrobenzene are not dimin- 
ished by raising the pH of the solution to pH 9.5. The same changes in 
P.D. and resistance occur as at pll 8.1. 

In conclusion it may be said that these results, together with those ob- 
tained with guaiacol® and hexylresorcinol,^® make it clear that the behavior 
of inorganic ions can be greatly altered by organic substances. This im- 
portant subject deserves further study. 

SUMMARY 

The effects of nitrobenzene and of benzene resemble those of guaiacol 
and of hexyl resorcinol. The r.D. changes in a positive direction and then 
in a negative direction. 'Fhe latter change may bring the p.d. back to the 
starting point with guaiacol and hexylresorcinol but with nitrobenzene 
and benzene this is not always the case. 

The positive potential change produced by nitrobenzene and benzene 
may be antagonized to some extent by ammonia. 

Nitrobenzene and benzene raise the electrical resistance and this is antag- 
onized to some extent by ammonia. 

I'he results afford a further illustration of theimiR)rtant fact that the be- 
havior of inorganic ions can be changed by organic substances. 'J'he ap- 
parent mobility of Na^ is increased and that of K+ decreased by 
nitrobenzene and benzene (as is also the case with guaiacol and hexylresor- 
cinol). 

Blinks, L. R., J. Gen. Physiol., 1935-36, 19 , 655 At low current densities the 
resistance is lessened or abolished by addition of ammonia and increased by addition of 
weak acids. Regarding Ilalicystis see Blinks, L. R., J. Gen. Physiol., 1935-36, 19 , 867. 

i^Ostcrhout, W. J. V., J. Gen. Physiol., 1939 40, 23, 569. 
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since thexiata shown were deliberately selected to achieve this end. More- 
over, notlung is known about the reproducibility of this particular set of 
results ahd, judging from comparisons made with other materials (3), one 
would not in general expect to obtain a similar coincidence with mercuric 
chloride if the tests were carried out under any other conditions. 



. EiG. 1. Titration data obtained with vaccinia virus, mercunc ^onoe, anu 
infectious particles. The curve represents the response to single infectious parUcles 
predicted by Poisson’s distribution: 

ne gative inoculations 

Average No. per inoculum - -2.3 log inoculations 

The open drdes ate the date for the control animals in experiment 6 of Sprunt and 

^ riHite of Perdval (4) for mercuric chloride in vaseline applied 

^ to* average number of particles per inoculum has been arbitrary 

fixed at 0.69 for the SO per cent response, reckoning the other doses proportional to 
concentration. 

By contrast, recent observations with vaccinia reported by Sprunt and 
McDeaxman (5) have revealed a remarkable consistency in the behavior of 
this virus. They found that the resistance of rabbits could be mcreased 
by non-specific means so that the minimal reactmg dose of virus was 30 to 50 
Zr cent W than for untreated rabbits. Nevertheless, the form o the 
Oration curve obtained in treated and untreated rabbits ^ idenU^ 
Data from one of their experiments are included m Fig. 1. The deviation 
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from the one particle curve shown is systematic and might be attributed to 
a small degree of variation among the animals tested. On the other hand, 
if their data are to be interpreted as the coincidence of a geometric distribu- 
tion of resistance having a standard deviation of approximately (log dose) 
0.51, it seems remarkable that the operative procedures employed have 
affected the dispersion measure so little.* 

In any case, it is apparent that the interpretation of the results of the 
titration of virus must rest for the present on the rather subjective criterion 
of inherent plausibility. On the basis of their own observations, Sprunt 
and McDearman (5) suggested, with some misgivings, that the effect of 
heightened resistance might be to decrease the fraction of virus particles 
capable of producing lesions, but that for either group of animals this frac- 
tion was constant and revealed itself in a one particle curve. Inasmuch as 
this conclusion seems at first sight contradictory, we are presenting some 
analogous results of our own with bacteriophage, of which the interpretation 
is clear. 

It can be shown that the number of plaques produced on an agar plate, 
seeded with a given mixture of bacteriophage and bacteria, can be varied by 
changing certain conditions of bacterial growth, but that in all cases the 
individual plaques originate from the independent action of single particles 
of phage. In the experiment recorded in Table 1, two levels of “host re- 
sistance” were obtained by plating the mixtures of phage and bacteria in 
two different volumes of 0.7 per cent agar. Similar variations can be 
obtained by changing the concentration of agar (6), the nutrient composition 
of the medium, or the strain of bacterium employed. In the experiment 
shown here, the observed counts obtained with different aliquots of phage are 
in excellent agreement with the expected counts if each pl^ue results from 
one particle, whereas if even two particles were necessary, very different 
results would be obtained. The agreement is equally good for the two 
media, in spite of the twofold differences in the actual count. It is unlikely 
that any ambiguity is concealed by this agreement. 

The finding with bacteriophage can be stated as follows: the probability 
that a given phage particle will produce a plaque varies with the conditions 
imposed, but under given conditions this probability is constant and inde- 

* Actually, there may have been some effect not revealed by the chi* test employed 
by the authors. The average maximal per cent deviation from the theoretical curve 
for the six groups of untreated animals b 10.1 ± 1.6; for a aimilar number of treated 
animals it is 19.0 3.4. All occur in the same region of the curve as illustrated in 

Fig. 1. The ratio of this difference to its standard error b 2.5, corresponding to 80:1 
odds against obtaining thb difference by accident. 
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pendent of any association between particles. It follows that no a priori 
objection can be made to the seemingly paradoxical interpretation suggested 
by Sprunt and McDearman of their results with vaccinia. The analogy 
with the bacteriophage is not, of course, to be construed as a confirmation of 
their findings. 

Our own conclusion has been stated above in such a way as deliberately 
to avoid the fundamental question which arises concerning results of this 
kind. Do those particles which succeed in producing a plaque under given 
conditions do so because they possess some property distinguishing them 
from the remainder of the particles, or only because the success or failure of 
all the particles is determined by numerous local influences which fluctuate 
in a random manner? This question is irrelevant to the purely statistical 
interpretation of the data, but it suggests the possibility of attacking the 
more interesting problem of heterogeneity within the virus population itself. 
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SULFHYDRYL GROUPS OF EGG -ALBUMIN IN DIFFERENT 
DENATURING AGENTS 


By a. E. MIRSKY 

(From the Hospital of The Roch^eller InstiMe for Medical TtesearcKi 
(Recdved for publication, Fd[>ruaiy 25, 1941) 

When egg albumin is denatured there occurs a striking change in its 
SH groups. This change provides a clue to an understanding of the change 
in configuration of the egg albumin molecule that takes place during de- 
naturation. A protein can be denatured by many different agents. This 
is a well known and important characteristic of protein denaturation. In 
the present investigation our purpose is to discover whether different de- 
naturing agents liberate the same or different numbers of SH groups in 
egg albumin. 

The change in SH groups is readily observed. Native egg albumin does 
not give a color reaction with nitroprusside and does not reduce ferricyanide; 
denatured egg albumin gives the color with nitroprusside characteristic 
of SH groups and immediately reduces ferricyanide (4, 17). This change 
in the SH groups of egg albumin is an example of the general rule that 
certain groups in a protein become reactive as a result of denaturation. 
Other groups, in addition to sulfhydryl, become reactive when egg albumin 
is denatured. Some of these groups also reduce ferricyanide, though they 
require a more alkaline mediiun for their activity than do SH groups. These 
reducing groups are probably the phenolic groups of tyrosine (20). The 
SH groups of denatvured egg albumin react with iodoacetate (17). Other 
groups of denatured albumin react with iodoacetate (22). Some of thesj 
groups, as yet unidentified, do not react with iodoacetate while the protein 
is native. There are proteins (in striated muscle and the crystalline lens 
of the eye) in which, unlike egg albumin, some SH groups are reactive even 
while the proteins are in the native state. Even while native, these proteins 
give a color reaction with nitroprusside and reduce ferricyanide (19). 
In t bps** proteins denaturation produces a marked increase in the number of 
reactive SH groups. In other proteins (the serum proteins of the horse, 
for example) no SH groups are detectable either before or after denatura- 
tion.* But in both native and denatured serum proteins disulfide (S — S) 

' Greenstein found that horse serum albumin gives a nitroprusside reaction in presence 
of a high of guanidine hydrochloride (10, 11). I can confirm this observa- 
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groups can be shown to be present and they can be estimated after being 
reduced to SH groups (18). It is then found that there is a larger number 
of reactive S — S groups in the denatured than in the native serum proteins. 
The method used for estimating S — S groups in the serum proteins was 
subsequently used to estimate S — S groups in insulin (23) and lactalbumin 
(12). Of all the instances of reactive groups appearing in proteins after 
denaturation the occurrence of reactive SH groups in egg albumin is an 
example that presents several advantages for investigation: SH groups can 
be estimated with precision, and the complete absence of reactive groups 
in native egg albumin makes the increase in number on denaturation especi- 
ally striking. 

The present investigation deals with the effects of three different denatur- 
ing agents on the SH groups of egg albumin. The three denaturing agents 
are urea, guanidine hydrochloride, and the synthetic detergent, Duponol 
P. C. (a mixture of the Cio-Cw compounds of the series CH 3 (CHi)» CHiOSOs 
Na) (1, 3, 8, 21). In each instance the denatured protein remains in 
solution while the denaturing agent is present. 

Method 

Protein SH groups are estimated by means of their reaction with ferri- 
cyanide, as a result of which they are oxidized to S — S groups and ferro- 
cyanide is formed. 

2 Protein SH 2 ferricyanide Protein S— S + 2 ferrocyanide 

An excess of ferricyanide is added and the quantity of ferrocyanide formed 
is estimated. This is done by adding ferric sulfate which reacts with ferro- 
<^anide to form Prussian blue which is estimated with a photoelectric 
colorimeter of the Evelyn type. The intensity of the blue color is a measure 
of the number of active, protein SH groups. Before adding ferric sulfate 
it is necessary either to remove the protein or to add some reagent that will 
keep protein in solution even in presence of ferric sulfate. Both procediures 
are followed. 

For relatively simple SH compounds, such as cysteine and glutathione, 
the reaction with ferricyanide proceeds stoichiometrically. There is no 
difficulty in titrating the SH groups of glutathione with ferricyanide (16). 
The titration is simple and accurate, with a sharp end-point. Ferricyanide 


tion; a definite but not intense reaction is obtained. Estimation of the number of SH 
groups shows that less than 0.1 per cent is present, hardly a significant quantity. 
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has already been used to estimate the SH groups of a protein-denatured 
globin (20). It was at that time observed that “Whereas the oxidation of 
SH to S — S by ferricyanide is a definite reaction under suitable conditions 
(2 SH -b 2 ferricyanide = 1 S — S + 2 ferrocyanide) the reaction of the 
other (reducing) groups (of a protein) with ferricyanide is not so definite. 
The greater the ferricyanide concentration and the longer the time of reac- 
tion, the more oxidation by ferricyanide takes place.” At that time ferri- 
cyanide was not used to estimate the SH groups of denatured egg albumin. 
A more cumbersome procedure was followed. Conditions under which the 
reaction between ferricyanide and the SH groups of denatured egg albumin 
is precise and definite have now been found ; the protein should be dissolved in 
approximately neutral solutions of urea, guanidine hydrochloride, or Duponol. 
Under these conditions the reaction goes with great speed. It is completed 
in less than 1 minute; no more ferricyanide is reduced in 60 minutes than in 
1 minute. Nor within wide limits do the concentration of ferricyanide or 
temperature affect the quantity of ferricyanide reduced. These observa- 
tions suggest that in the reaction between ferricyanide and egg albumin in 
neutral solutions of urea, guanidine hydrochloride, or Duponol only the SH 
groups of the albumin reduce ferricyanide.* 

There are, as mentioned above, other reducing groups in denatured egg 
albumin, but those that have been investigated reduce ferricyanide in a 
slightly alkaline medium only. Furthermore, the reaction of these non-SH 
groups with ferricyanide is sluggish, there being no definite end-point, and 
the quantity of ferricyanide reduced depends upon the concentration of 
ferricyanide present. These groups, then, do not take part in the clearly 
defined reaction between egg albumin and ferricyanide in a neutral medium. 

That the groups of denatured egg albumin which reduce ferricyanide 
in neutral medium appear to be SH groups and noting but SH groups can 
be shown by using the nitroprusside test, especially in conjimction with 
certain reagents that combine with SH groups. This test in a protein may 
be considered to be specific for SH groups, for no other groups in a protein 
are known to give a color reaction with nitroprusside. It is possible that there 

* After most of the experiments on egg albumin in solutions of urea and guanidine 
described in this paper were completed, Anson discovered the effect of Duponol (1). 
It was then that Duponol was us^ in the experiments reported in this paper. Anson 
found that the amount of ferricyanide reduced by denatured egg albumin in Duponol 
P C is within wide limits independent of the concentration of ferricyanide and 

the time, temperature, and pH of the reaction. The similar observations on egg albumin 
in cnlM t i«"« of urea and guanidine hydrochloride described in this paper had already 
been independently made. 
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are SH groups which do not give a nitroprusside test and which might 
react wi^ some reagent other than ferricyanide. A detailed comparison 
under many different conditions of the color reaction of egg albmnin with 
nitroprusside and the reducing reaction with ferricyanide shows a close 
correlation between these two reactions. When egg albumin reduces 
ferricyanide in neutral medium it gives a color with nitroprusside, and when 
it does not reduce ferricyanide it fails to give a color with nitroprusside. 
A number of examples of this correlation may be cited: 

1. Native egg albumin does not give a color test with nitroprusside; 
nor does it reduce ferricyanide. 

2. When egg albumin is denatured by urea, guanidine hydrochloride, 
Duponol, or any other agent, it gives a nitroprusside test and also reduces 
ferricyanide. After the reaction with ferricyanide is completed the albumin 
no longer gives a nitroprusside test. 

3. Heat coagulated egg albumin is treated with ferricyanide and the 
excess ferricyanide is washed away when the reaction appears to be ended. 
The albumin no longer gives a test withnitroprusside. Guanidine hydro- 
chloride is then added to the albumin. The albumin now gives a color 
reaction with nitroprusside and also reduces ferricyanide. 

4. Egg albumin denatured by urea is oxidized with ferricyanide and the 
excess ferricyanide is removed. The albumin no longer gives a test with 
nitroprusside. The albumin is now treated with guanidine hydrochloride. 
Neither a nitroprusside test nor reducing action with ferricyanide isobserved. 

5. When guanidine hydrochloride is added to egg albumin solutions in 
the pH range from 5.8 to 7.8 precisely the same quantities of ferricyanide 
are reduced and in no case is a nitroprusside reaction observed when the 
excess ferricyanide is removed. When guanidine hydrochloride is added to 
albumin at pH 4.4, 21 per cent less ferricyanide is reduced. Now when the 
excess ferricyanide is removed and the albumin is tested with nitroprusside in 
presence of guanidine hydrochloride a slight color reaction is observed. 
This albumin, brought to pH 7.0, reduces ferricyanide in presence of 
guanidine hydrochloride. It reduces 16 per cent of the quantity it would 
have reduced if it had not previously reacted with ferricyanide at pH 4.4. 

6. The SH groups of denatured egg albumin react with iodoacetate and 
iodoacetamide. Egg albumin, so treated, no longer gives a nitroprusside 
test; nor does it reduce ferricyanide. 

7. SH groups of denatured egg albumin, like other SH groups, react with 
mercuric chloride. After the reaction the albumin neither gives a nitro- 
prusside test nor reduces ferricyanide. 
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The close correlation between the nitroprusside test and the tendency 
to reduce ferricyanide makes it unlikely that there are any other groups in 
egg albumin in addition to SH which reduce ferricyanide in a neutral me- 
dium. It is also unlikely, quite apart from the nitroprusside test, that there 
are any groups other than sulfhydryl in egg albumin which combine with 
iodoacetate and mercuric chloride and which also reduce ferricyanide in 
neutral medium. And yet it should be recognized that the existence of 
such groups has not been completely excluded. Ferricyanide certainly reacts 
with all SH groups giving a nitroprusside test. But it is possible that there 
are a few non-SH groups in a protein that react with ferricyanide in neutral 
medium. In a protein the reactive range of other reducing groups may 
overlap to a slight extent with the range of activity of SH groups. With 
this reservation the quantity of ferrocyanide formed can be taken as a 
measure of the number of reacting SH groups. It remains to be shown that 
none of the ferrocyanide formed in the reaction between protein and ferri- 
cyanide is lost in those cases in which the protein is removed before esti- 
mating ferrocyanide. And, in fact, none is lost, for it is found that ferro- 
cyanide added before removing protein is completely recovered when the 
protein is subsequently removed. 

Denaturation 

A protein is said to be denatured when it is insoluble in a medium in 
which it is soluble while still native. Egg albumin denatured by heat is 
insoluble in water at the isoelectric point, pH 4.7 — a medium in which native 
egg albumin is soluble. The egg albumin in urea, guanidine hydrochloride, 
or Duponol, which reduces ferricyanide is denatured. It is soluble at the 
isoelectric point in the presence of urea, guanidine hydrochloride, or Du- 
ponol, but when these denaturing agents are removed»or diluted with water 
the protein is found to be insoluble. 

Experiments on egg albumin in urea solutions show clearly that libera- 
tion of SH groups and formation of insoluble protein are integral parts of 
the same process. To liberate the maximum number of SH groups 1 
gram of urea is added to each 1 cc. of albumin solution. After standing 
for 60 minutes the albumin reduces no more ferricyanide than it does after 
standing for only 30 minutes; and within 30 minutes all of the albumin is 
denatured. This can be shown by diluting the urea solution with water, 
adjusting the pH to 4.7, and adding one quarter of the volume of saturated 
(NH 4 )tS 04 (much less than is needed to precipitate native egg albumin). 
No protein is left in solution. The correlation between liberation of SH 
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groups and formation of insoluble protein becomes more apparent when 
insufficient urea is added to liberate all the SH groups. K the number of 
SH groups liberated is estimated at different intervals of time after adding 
urea, it is found that with advancing time more and more groups are liberated 
so that even after 3 hours in urea and ferricyanide no end-point is reached. 
Tests for presence of insoluble egg albumin (made by adding water, pH 4.7 
acetate buffer, and saturated (NH«)jS 04 ) show that part of the albumin 
is insoluble, but that some remains soluble. The soluble and insoluble 
fractions are separated from each other and both are washed free of fern- 
cyanide. In the insoluble fraction there are no more SH groups; this 
fraction does not give a reaction with nitroprusside even in presence of 
guanidine hydrochloride. The soluble fraction still contains SH groups; 
if this albumin is denatured by adding guanidine hydrochloride an intense 
nitroprusside reaction is observed. Estimation of the number of SH groups 
in the albumin of the soluble fraction after denaturation by addition of 
Duponol shows that per milligram of protein there is the same number of 
groups as in egg albumin not previously treated with urea and ferricyanide. 
That fraction of egg albumin in urea and ferricyanide which becomes 
insoluble (when tested under certain clearly defined conditions) has all of 
its SH groups liberated, whereas albumin that still is soluble has none of its 
SH groups liberated. Denaturation of egg albumin by urea is a discontinu- 
ous process. A given molecule of protein is cither native or denatmed. 
Denaturation of egg albumin by some other agents, it will be shown in 
other papers, is also an all-or-none process. 

When enough guanidine hydrochloride is added to egg albumin to liberate 
the maximum number of SH groups all of the albiunin loses its solubility, 
when tested in the same manner as in the experiments with urea. In ex- 
periments with Duponol a different procedure is followed to demonstrate 
the altered solubility of albumin. The solution of albumin in Duponol 
is dialyzed against water for a long time to remove as much Duponol as 
possible. To the clear dialysate is added 1/10 its volmne of saturated 
ammonium sulfate. This suffices to precipitate all the protein in solution, 
indicating that Duponol, as well as urea and guanidine, alters the solubility 
6f egg albumin. 

RESX7LTS 

Since the only amino acid known to have SH groups is cysteine, the SH 
groups of egg albumin are considered to be part of cysteine, and are accord- 
ingly expressed as percentage of cysteine. The results are reproducible 
to within sb5 per cent. 
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It can be seen from Table I that the quantities of ferricyanide reduced 
by egg albumin in urea, guanidine hydrochloride, and Duponol ^te about 


TABLE I 

Sn Groups of Egg Albumin Expressed As Per Cent of Cysteine, Denatured by Urea, Guanidine 

Ilydrochloridey and Duponol 
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teine) 


I 

0.25 

18.5 

0.005 

0.350 

6.7 

350 

37.5 

30 

0.00145 

17.5 

0.95 








37.5 

15 

0.00144 

17.3 

0.94 








25.0 

30 

0.00144 

17.3 

0.94 








25.0 

30 

0.00140 

16.8 

0.91* 
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hydro- 












chloride) 






I 

0.25 

18.5 

0.005 

0.350 

6.7 

300 

25.0 

30 

0.00142 

17.0 

0.92 




0.025 






0.00144 

17.3 

0.94 




0.005 





15 

0.00144 

17.3 

0.94 




0.005 




0 

15 

0.00145 

17.5 

0.95 




0.010 


7,8 


25.0 

30 

0.00146 

17.6 

0.95 




0.010 


5.8 


25.0 

30 

0.00143 

17.2 

0.93 




0.010 


4.4 


25.0 


0.00114 

13.7 

0.74 







(Duponol) 






I 

0.25 

18.5 

0.005 

1.85 

6.7 

50 

37.5 

10 

0.00153 

18.35 

0.99 


0.25 

18.5 

0.005 

1.85 

6.7 


.37.5 

10 

0.00148 

17.8 

0.96 

II 

0.20 

20.8 

0.005 

1.85 

6.7 


37.5 

10 

0.00171 

20.6 

0.99 


0.20 

20.8 

0.005 

1,85 

6.7 


37.5 


0.«J0168 

20.2 

0 07 

III 

0.35 

17.5 

0.005 

1.85 

6.7 


37.5 

10 

0.00137 

16.45 

0.94 


0.35 

17.5 

0.005 

1 1.85 

6.7 


37.5 

10 

0.00143 

17.15 

0.98 


* In this experiment the albumin was precipitated with tungstic acid before estimation of 
ferrocyanide. In the other experiments with urea, Duponol was added to prevent precipitation 
of protein during the ferrocyanide estimation. 


the same. Guanidine hydrochloride and Duponol do not liberate any SH 
groups not liberated by urea, as the following experiment shows: Egg 
Alhiiinin in urea is oxidized by ferricyanide. After the urea and ferricyanide 
have been washed away, the albumin fails to give a reaction with nitro- 
prusside or to reduce ferricyanide when placed in either guanidiue hydrochlo- 
ride or Duponol. 
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Three different preparations of crystalline egg albumin were used in the 
experiments described in this paper. For most of the experiments a single 
preparation was used. Two other preparations were made to learn whether 
different samples of egg albumin contain the same number of SH groups 
when denatured. Of these preparations one (preparation number II of 
Table I) was made by the method of Kekwick and Cannan (13) and the other 
(prq>aration number ni of Table I) by La Rosa’s method. Preparation 
m was investigated in the electrophoresis apparatus of Tiselius by Dr. 
Longsworth. No appreciable quantity of any protein constituent of egg 
white excqit egg albumin could be detected. All three preparations of 
albumin when denatured by Duponol were found to contain the same number 
of SH groups. 

There have been several investigations of the SH groups of egg albumin 
denatured by urea and guanidine hydrochloride. Rosner estimated SH 
groups by means of their reaction with iodoacetate (22). He found 0.87 
per cent in egg albumin denatured by urea. This is about 10 per cent lower 
than the result obtained by the reaction with ferricyanide — ^an entirely 
different method. Greenstein estimated SH groups by titrating them with 
porphyrindin, a powerful oxidizing agent (8). For egg albumin in urea he 
obtained 1.00 per cent SH and for albumin in guanidine hydrochloride 
1.28 per cent. The results given by the porphyrindin and ferricyanide 
methods for the SH groups of albumin in urea are in good agreement. In 
guanidine hydrochloride the two methods do not agree; in this medium 
porph)a'indin titration gives a much higher value. What seems especially 
significant in the porphyrindin titrations, and this point has been emphasized 
by Greenstein, is that different denaturing agents, such as urea and guani- 
dine hydrochloride, liberate different numbers of SH groups. This apparent 
difference in SH groups seems to be due to a defect in method; porphyrindin 
may react with reducing groups other than SH in a denatured protein. 
This possibility was recognized by Kuhn and Desnuelle who first used 
porphyrindin for titrating protein SH groups (14). They accordingly 
carried out the reaction at 0° and in an especially careful manner. They 
placed some confidence in their results on heat coagulated egg albumin 
^because they were in agreement with results obtained by other methods 
(17, 24). To Greenstein it seemed “hardly probable that the dye (por- 
phyrindin) would react with other types of reducing groups in the protein. 
Such groups, involving t 3 rrosine and tryptophane radicals, as Mirsky and 
Anson point out, only begin to make their presence felt at pH 10 and, more- 
over, react very slowly with ferricyanide and not at all with (ystine or 
I^osphotungstate. It is certmn in any case that they would not exhibit 
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a nitroprusside reaction.” The fact that the non-SH reducing groups of 
denatured egg albumin do not reduce ferricyanide at pH 7.0 but require 
a more alkaline medium does not mean that these groups will fail to reduce 
porphyrindin, a more powerful oxidant than ferricyanide, at pH 7.0 (and 
in the presence of guamdine hydrochloride). Indeed Kuhn and Desnuelle 
point out that porphjrrexid (closely related to porphyrindin) oxidizes 
th i a min to thiochrome in neutral solution while potassium ferriQranide 
requires an a lka l in e solution for the same oxidation.* And although it 
may be certain that the non-SH reducing groups of denatured egg albumin 
‘‘would not exhibit a nitroprusside reaction” this does not prove that they 
do not react with porphyrindin in presence of guanidine hydrochloride. 
Greenstein showed that the groups of egg alhumin exhibiting a nitroprusside 
reaction reduce porphyrindin; but he did not show that the groups not 
exhibiting a nitroprusside reaction do not reduce porphyrindin. Denatured 
excelsin, he observed, neither gives a nitroprusside reaction nor reduces 
porph 3 nindin (9). On the other hand crystalline papain reduces more 
porphyrindin than can be accounted for by its sulfur content (5). There 
is then some doubt concerning the estimation of protein SH groups by 
titration with porphyrindin.^ The difference in the quantities of porphy- 
rindin reduced by egg albumin in urea and in guanidine hydrochloride 
(a difference of 28 per cent) is not due to there being an increased liberation 
of SH groups in guanidine hydrochloride, for if this were so, egg albumin in 
urea that had been oxidized with ferricyanide would subsequently give a 
nitroprusside reaction when dissolved in guanidine hydrochloride — and, 
as stated above, a nitroprusside test is not obtained under these conditions. 

Anson finds the same number of SH groups (equivalent to a cysteine 
content of 1.2 per cent) present in egg albumin denatured by guanidine 
hydrochloride and Duponol (2). ^ 

To explain why active SH groups appear in egg albumin when it is de- 
natured, measurements of SH groups must be combined with other kinds 
of information about the protein. Such investigations have already been 
carried out and will be described in another paper. The significance of 
the measurements made in the present investigation will then become clear, 
as will also the conclusion that the same number of active SH groups is 
present in egg ftlhnmin denatured by urea, guanidine hydrochloride, or 
Duponol. 

* “Mit Porphyrexid Usst sich Aneurin in neutraler Ldsung zu Thiochiom oxydieren, 
was soDst nur noch mit Kaliumfeiricyanid in alkalischer Ldsung gelingt.” 

* The validity of SH estimations in proteins by titration with porphy]d>>(i>B <>1*0 
been questioned by Brand and K a s .sell (6). 
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SUMMARY 

1. The reaction between ferricyanide and egg albumin in solutions of 
urea, g uanidin e hydrochloride, and Duponol has been investigated. 

2. In neutral medium ferricyanide oxidizes all the SH groups of egg al- 
bumin that give a color reaction with nitroprusside. In neutral medium 
ferricyanide appears to react only with the SH groups of egg albumin. 
The quantity of ferrocyanide formed can accordingly be considered the 
equivalent of the number of SH groups in egg albumin detectable with 
nitroprusside. 

3. In solutions of urea, guanidine hydrochloride, and Duponol sufficiently 
concentrated so that all the egg albumin present is denatured, the same 
number of SH groups are found — equivalent to a cysteine content of 0.96 
per cent. 

4. In denaturation of egg albumin loss of solubility (solubility not in 
presence of the denaturing agent, but solubility examined in water at the 
isoelectric point) and appearance of reactive SH groups are integral parts 
of the same process. As denaturation proceeds in urea, SH groups are 
liberated only in the egg albumin with altered solubility and in this albumin 
the maximum number of SH groups is liberated. In a molecule of egg 
albumin either all of its SH groups that give a test with nitroprusside are 
liberated or none of them are. 

EXPERIMENTAL 

The egg albumin used in most of these experiments was prepared by La Rosa’s method 
and then recrystallized three times (15). The albumin used in one experiment was 
prepared by the method of Kekwick and Caiman (13). Before being used a sample of 
egg albumin was dialyzed in a rocking dialyzer until completely free of ammonium sulfate. 
Concentration of egg albumin was then determined by drying to constant weight at 105°. 
The albumin solution was stored in the cold without preservative for the few days during 
which it was used. Solutions of ferric 3 ranide were used within 3 or 4 days after being 
made up and during this time were kept in the dark at l^C. 

Deproteinization 

Before estimating the quantity of ferrocyanide formed in the egg albumin solution 
it is necessary (except in the presence of Duponol) to remove the protein. This is done 
with tungstic add. A 10 per cent stock solution of sodium tungstate is addified when- 
ever tungstic add is needed. To 1.0 cc. of the sodium tungstate solution are added 40 cc. 
water, 0.70 cc. of 1 N H 1 SO 4 , and enough water to bring the volume to 50 cc. In presence 
of Duponol, ferric sulfate does not predpitate protein. 
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Estimation of Ferrocyanide as Prussian Blue 

Prussian blue is formed when ferric sulfate is added to an acidified solution of ferro- 
Qranide. There is a tendency for Prussian blue to precipitate. This can be prevented 
by adding gum ghatti (7). It is convenient to prepare a solution of ferric sulfate in 
gum ghatti, as described by Folin and Malmros. To 5 cc. of deproteinised (or Duponol 
containing) solution are added 0.05 cc. of 0.2 ic potassium ferric 3 ranide, 1 cc. of ferric 
sulfate-gum ghatti and then after 5 minutes, 6.5 cc. water. After standing 5 more 
minutes Prussian blue is estimated in a photoelectric colorimeter of the Evelyn type, 
using a red filter (Coming No. 241). A red filter is used because the ferricyanide present 
does not absorb red light to a significant extent, and ferricyanide is present since an 
excess is added to the albumin. Still more ferricyanide is added at the time of Prussian 
blue formation because it was found that when minute quantities of ferrocyanide are 
being estimated, the amount of Prussian blue formed (in the time interval employed) 
is increased if ferricyanide is present. With the quantity of ferricyanide added the 
maximum amount of Prussian blue is formed. 

To establish a relationship between intensity of color and quantity of ferrocyanide, 
Prussian blue is formed in solutions containing known quantities of ferrocyanide. In 
analytical chemistry standard solutions of ferrocyanide are ordinarily considered to be 
stable. The solutions required in the present experiments are far more dilute (0.0002 m) 
than those usually used and these dilute solutions of potassium ferrocyanide are not 
stable. They must be prepared from more concentrated (0.1 m) stock solutions or from 
solid potassium ferrocyanide whenever an experiment is done. Prussian blue is formed 
from known quantities of ferrocyanide under precisely the same conditions as when 
unknown quantities are present. The 5 cc. of solution, to which 1 cc. of ferric sulfate-gum 
ghatti subsequently is added, contains between 0.50 and 2.5 cc. of 0.0002 m ferrocyanide. 
Also included in the 5 cc.of solution are 0.05 cc. 1 n H 2 SO 4 , 0.05 cc. 0.2 m K ferricyanide, 
and 2.5 cc. tungstic acid. Of these reagents only ferricyanide influences the color 
intensity of the blue solution finally obtained. Urea, Duponol, and guanidine hydro- 
chloride have also been added to solutions containing known quantities of ferrocyanide. 
The quantity of Duponol present in the experiments with egg albumin does not affect 
the intensity of color when Prussian blue is formed. Urea and guanidine hydrochloride 
do affect the intensity of color, and it is accordingly necessary to have i?rea and guanidine 
hydrochloride in the standard ferrocyanide solutions when these reagents are added to 
egg albumin. 


Reactions between Egg Albumin and Ferricyanide 

1. In Urea,— -To 0.25 cc. of a 7 per cent albumin solution are added 0.05 cc. 1 m 
KH 2 PO 4 -K 2 HPO 4 pH 6.7 buffer, 0.05 cc. 0.1 m K ferricyanide, and 350 mg. of urea (100 
mg. urea added to each 0.10 cc. of albumin containing solution). A number of these 
solutions are prepared and kept for various periods of time, some at 25®C., others at 
37.5®. After the reaction with ferricyanide, to each solution are added 10 cc. tungstic 
add, 0.4 cc. 1 n H 2 SO 4 , and enough water to bring the volume to 20 cc. The mixture is 
filtered and 5 cc. of the clear filtrate are taken for Prussian blue formation. Instead of 
removing egg albumin by predpitation with tungstic add, the albumin jcan be left in 
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solution if Duponol is added for this prevents protein precipitation when ferric sulfate is 
added. After the reaction between albumin and ferriQranide, 15 cc. of water and 0.4 cc. 
1 N HaS 04 are added. As the acid is mixed with the protein solution a fine precipitate 
appears. This clears up at once when 0.5 cc. of a 10 per cent Duponol solution is added. 
The solution is brought to a volume of 20 cc. by addition of water. When Duponol is 
added to a strongly acid mixture of egg albumin and ferricyanide, no reaction between 
protein SH groups and ferricyanide occurs. 

Effect of lodoaceiamide and Mercuric Chloride.— To 1 cc. of albumin are added 0.3 cc. 
phosphate buffer, 0.65 cc. HsO, 25 mg. iodoacetamide, and 2.0 gm. urea. After standing 
for an hour at 25^C., 0.5 cc. ferricyanide is added and 30 minutes later the albumin is 
precipitated with tungstic acid. No Prussian blue forms in the filtrate when ferric 
sulfate is added. Iodoacetamide does not interfere with Prussian blue formation when 
it is present in a ferrocyanide solution to which ferric sulfate is added. In another 
experiment 0.2 cc. of 0.1 m IfgCli is added instead of iodoacetamide. No Prussian blue 
is found in this case either. 

Albumin in Urea Oxidized by Ferricyanide and Subsequently Treated with 
Guanidine Hydrochloride or Duponol 

To 1.25 cc. albumin are added 0.5 cc. phosphate buffer, 0.25 cc. ferricyanide, and 2 gm. 
urea. After 30 minutes the albumin is precipitated with tungstic add and the suspension 
is centrifuged. The protein predpitate is washed with tungstic add until it is colorless. 
To the predpitate are added 0.4 cc. 1 m KsHPOi, 1 cc. of a 10 per cent Duponol solution, 
0.1 cc. ferricyanide, and water to bring the volume to 15 cc. At 37.5^ this mixture forms 
a dear solution. After 20 minutes the solution is addified with 1 n HsS 04 and diluted 
with water to 20 cc. Of this solution 5 cc. are taken to test for Prussian blue formation, 
but no color appears. In another experiment guanidine hydrochloride instead of Duponol 
is added to the tungstic acid precipitate of albumin. The precipitate is packed down 
hard in the centrifuge and to it are added p.3 cc. 1 m K 2 HPO 4 and 300 mg. guanidine hydro- 
chloride. A small part of the mixture is tested with nitroprusside. No color is observed. 
To the rest of the albumin-guanidine hydrochloride mixture is added 0.05 cc. ferricyanide. 
After 30 minutes at 25^, 10 cc. of tungstic acid, 0.5 cc. H 2 SO 4 , and water are added to 
bring the volume to 20 cc. No Prussian blue appears in the filtrate when ferric sulfate 
is added. 

Test for Completeness of Denaturalion—To 1 cc. of the albumin solution 1 gm. of urea 
is added. After the solution has stood at 25^ for 30 minutes it is diluted to 10 cc. To 5 
cc. are added 0.25 cc. of a 2 m pH 4.7 acetate buffer and 1.25 cc. saturated (NH 4 )aS 04 . 
The suspension is filtered. Only a slight haze appears in the filtrate when trichloracetic 
jicid is added. 

Oxidation of Albumin in Insufficient Urea to Produce Complete Denaturation 

To 15.5 cc. of albumin solution are added 1.5 cc. of phosphate buffer, 3.0 cc. of 0.1 m 
ferricyanide, and 13 gm. of urea. The solution remains at 25^ for 20 minutes. A heavy 
precipitate is formed when 20 cc. of a pH 4.7, 1 m acetate buffer are added and with this 
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suspension 10 cc. of a saturated ammonium sulfate solution are mixed. A clear super- 
natant is obtained after centrifuging. The supernatant solution is dialyzed at in a 
rocking dialyzer against distilled water for 24 hours. It is then completely free of 
ferricyanide, but somewhat turbid. This fluid is filtered and the protein content of the 
clear filtrate is determined by drying in an oven at 105°. Each cc. contains 8.52 mg. of 
protein. Since there are 64 cc. of this solution (561.3 mg. in all) and since the 15.5 cc. 
of albumin solution used at the beginning of the experiment contained 70.2 mg. per cc. 
(1088 mg. in all), somewhat less than 50 per cent of the albumin originally present was 
denatured by urea. SH groups in the dialyzed egg albumin solution are estimated by 
adding to 2 cc. of the solution 0.05 cc. phosphate buffer, 0.05 cc. of 0.1 m ferricyanide, and 
0.5 cc. of a 10 per cent Duponol solution and then proceeding as described below. The 
albumin precipitated from urea solution by adding acetate buffer is washed with a i 
saturated (NH 4 ) 2 S 04 solution, removing the washings by centrifuging, until the protein 
precipitate is free of the yellow color of ferricyanide and the washings contain no protein 
precipitable with trichloracetic acid. The protein precipitate is then tested for SH groups 
with nitroprusside and ammonium hydroxide in the presence of guanidine hydrochloride. 
The test is negative. 

2, In Guanidine Hydrochloride,— 3QO mg. guanidine hydrochloride are dissolved in 
0.25 cc. albumin. The solution remains at 25° for 30 minutes and then to it are added 
0.05 cc. of 1 1 C pH 6.8 potassium phosphate buffer and 0.05 cc. of 0.1 m ferricyanide. 
After the reaction with ferricyanide the protein is precipitated by adding 10 cc. tungstic 
acid and 0.4 cc. of 1 n H 2 SO 4 . The suspension is diluted with water to a volume of 20 
cc., shaken, and filtered. Of the filtrate 5 cc. are taken for Prussian blue formation. The 
conditions of the reaction between ferricyanide and egg albumin in guanidine hydrochlo- 
ride are varied: the temperature is either 25 or 37.5° | tungstic acid is added to the solution 
at intervals varying from 5 to 80 minutes after mixing ferricyanide with the albumin; 
the concentration of ferricyanide added is either 0.1 m or 0.5 m; the quantity of guanidine 
hydrochloride added is either 200 or 300 mg. ; ferricyanide, phosphate buffer, and albumin 
are mixed together before adding guanidine hydrochloride. None of these variations 
affects the quantity of ferricyanide reduced. The phosphate buffer used can vary in pH 
from 6.1 to 7.3, or even 1 ic K 2 HPO 4 can be used, without affecting the reaction, but if 

an acetate buffer of pH 4.7 is used, less ferricyanide is reduced. 

Effects of lodoacetamide and Mercuric Chloride, — After dissolving 300 mg. of guanidine 
hydrochloride in 0.25 cc. of albumin, 0.05 cc. of phosphate buffer is added. In one 
experiment 20 mg. of iodoacetamide are added to this solution and in another experiment 
0.05 cc. of 0.1 M HgCk is added. After standing for an hour at 25°C., 0.05 cc. of ferri- 
cyanide is added to each albumin-guanidine hydrochloride mixture and after another 
hour tungstic acid is added. No blue color appears in the filtrate when ferric sulfate is 

added. . , , . , ,^1 

Recovery of Ferrocyanide Added to Egg Albumin in Guanidine HydrocMonde. -Tht 

ege albumin in 0.25 cc. is oxidized by ferricyanide in the presenceof guanidine hydrochlo- 
ride and then precipitated by tungstic acid. The precipitated albumin is sef^ted by 
centrifuging, wa.shed free of ferricyanide with tungstic acid, and then washed with 0.1 MpH 
6.8 phosphate. To the precipitated albumin are added 300 mg. guanidine hydrochloride, 
0 05 cc of 1 M phosphate, 0.05 cc. of ferricyanide, and finally 1 cc. of 0.001 M ferrocyanide. 
After standing for 10 minutes, tungstic acid and water to bring the volume to 20 cc. ate 
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added and the suspension is filtered. The quantity of Prussian blue formed by the 
ferrocyanide in 5 cc. of the filtrate is compared with the quantity formed in 5 cc. of a 
control solution made by adding 1 cc. of ferrocyanide to 10 cc. of tungstic acid, 0.05 cc. 
of ferricyanide, and 8.5 cc. of water. The galvanometer readings of the colorimeter were 
practically identical for the two Prussian blue solutions showing that all of the ferro- 
cyanide added to the egg albumin was recovered. 

Completeness oj Denaiuration in guanidine hydrochloride was demonstrated as it was in 
urea: 300 mg. of guanidine hydrochloride were dissolved in 0.25 cc. of albumin. After 
standing for 15 minutes, 4 cc. of water, 0.25 cc. of a 2 m pH 4.7-acetate buffer, and 1 cc. 
of saturated (NH 4 ) 2 S 04 arc added. The precipitate is filtered off. Trichloracetic acid 
is added to the precipitate. No sign of a protein precipitate is detectable. 

3, In DuponoL— To 0.25 cc. of the albumin solution are added 0.05 cc. of pH 6.8 
1 M phosphate buffer, 2 cc. of water, 0.5 cc. of a 10 per cent Duponol solution, and 0.05 
cc. of ferricyanide. The solution is kept at 37.5^ for 10 minutes. It is then acidified 
by the addition of 0.4 cc. 1 n H2SO4 and diluted to 20 cc. with water. 5 cc. of this 
solution are taken for Prussian blue formation. 

Effects of lodoacetamide and Mercuric Chloride. — To 1.5 cc. of the albumin solution 
are added 0.2 cc. of phosphate buffer, 0.5 cc. of Duponol, and either 25 mg. of iodo- 
acetamide or 0.2 cc. of 0.1 m HgCls. After 10 minutes at 37® 0.05 cc. of ferricyanide is 
added. The solution remains at 37.5® for 30 minutes before acidifying and diluting to 
20 cc. No Prussian blue appears in the filtrate when ferric sulfate is added. 

Completeness of Denaiuration. — To 2 cc. of albumin solution are added 10 cc. of water 
and 4 cc. of Duponol. The solution is placed in a cellophane tube and dialyzed against 
distilled water in a rocking dialyzer for 36 hours at 37.5®. At the end of thb time the 
albumin solution remains clear. To 3 cc. of the solution is added 0.05 cc. of a saturated 
ammonium sulfate solution. A heavy precipitate forms. After filtration 0.5 cc. of 50 
per cent trichloracetic acid is added to the dear filtrate. No turbidity appears. 
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SULFHYDRYL GROUPS IN FILMS OF EGG ALBUMIN 
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The shape of the protein molecule changes completely when a protein 
spreads to form a unimolecular film at an interface. The egg albumin 
molecule, for example, may be considered to be an ellipsoid in solution with 
a major axis of 91 A.u. and a minor axis of 32 A.u. (10). In the film it 
flattens out to a thickness of only 8 A.u. (4). There are groups in native 
soluble egg albumin which do not react with certain reagents. The SH 
groups of denatured egg albumin give a color reaction with nitroprusside, 
reduce ferricyanide, and react with iodoacetate in much the same manner 
as do the SH groups of cysteine (8). In native egg albumin the SH groups 
do not show these reactions. The present investigation deals with the 
activity of the SH groups in thin films of egg albumin. Information con* 
ceming the SH groups in the protein film throws light on two problems: 

1. In a large molecule such as that of egg albumin, 32 A.u. in diameter, 
many atoms will occupy inner positions in the elaborate structure. The 
arrangement of the peripheral groups of atoms may be so compact as to 
constitute a barrier preventing contact between inner groups of atoms and 
many of the substances dissolved in the medimn in which the protein itself 
is dissolved. There would, according to this view, be an interior of the 
protein molecule which is definitely less accessible to many reagents than 
the periphery of the molecule. The structure of the prptein molecule may, 
on the other hand, be so loosely knit that there is no significant distinction 
between peripheral and internal groups, at least in so far as concerns ac- 
cessibility to reagents in the surrounding media. When egg albumin 
spreads at an interface the film of protein is so thin that there can hardly 
be sa id to be an “interior” of the molecule. In the film all groups are 
on the periphery. The protein molecule in forming a film may be said to 
nnfnIH If groups inactive in the native egg albumin molecule become 
active when a film is formed, this is an indication that the groups have 
become exposed due to the unfolding process— an indication that the periph- 
eral groups of the native, unchanged, egg albumin molecule act as a barrier 
between reagents in the surrounding solution and groups in the interior 
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of the protein molecule. Evidence for the existence of such an interior is 
provid^ by investigation of SH groups in films of egg albumin. 

2. The protein in the film is insoluble. K the film of protein is rolled 
up and immersed in the medium in which it had been dissolved, it no 
longer dissolves. In this respect it resembles protein that has been de- 
natured by heat, alcohol, acid, alkali, urea, guanidine hydrochloride, and 
other agents, and it has indeed been suggested that the protein in the film 
is denatured (2, 9). One of the characteristics of denaturation is the 
appearance of active groups. In the denaturation of egg albumin the 
appearance of active SH groups and the formation of insoluble protein 
(insoluble in water at the isoelectric point) are integral parts of the same 
process. The appearance of these groups in the film of egg albumin would 
indicate that this protein too is denatured; that when a film is formed the 
same fundamental change in the protein occiu's as when it is heated or 
dissolved in urea, guanidine hydrochloride, or Duponoi. Estimation of 
SH groups in films of egg albumin does in fact provide an insight into the 
whole process of protein denaturation. 

Method 

SH groups in the films are estimated by their reaction with ferricyanide. 
It has been shown that in neutral medium the quantity of ferricyanide 
reduced by egg albumin may be taken as the equivalent of the number of 
active SH groups present (7). The quantity of ferrocyanide formed by the 
SH groups in a single protein film (of practicable area) would be less than 
can be estimated by methods now available. For each experiment a great 
many films must be used. These are easily prepared. At the surface of 
an egg albumin solution there is always a film of protein and when the film 
is removed another forms. By continually shaking an albumin solution, 
the films that form are constantly removed until eventually all the protein 
originally in solution is in the form of clumped together, insoluble films. 
In this way large quantities of “film protein” can be had. The reaction 
between ferricyanide and film protein can take place under two different 
conditions. In one procedure the ferricyanide is mixed with a certain 
quantity of clumped together film protein, previously prepared by shaking 
an albumin solution. The finely divided suspension is constantly agitated 
to promote mixing. In another procedure ferricyanide is added to the 
egg albumin solution before the film protein is prepared. Then while the 
solution is shaken the ferricyanide is on the spot to react with each film 
while it is still a surface film. As the ferricyanide-albumin solution is 
shaken, more and more films are formed. At any given time the reaction 



A. E. MIRSKY 


727 


may be stopped by adding tungstic acid. The quantity of ferrocyanide in 
the protein-free filtrate is then estimated. In another sample of albumin 
the quantity of insoluble protein formed at that time is estimated. In pro- 
cedure I, ferricyamde reacts with albumin only after it has been removed 
from the surface; in procedure II, ferricyanide is able to react with albumin 
while it still is at the surface. 

RESULTS AND DISCUSSION 

It can be seen from Table I that when ferriQranide is present to react 
with the films of egg albumin while they are being formed (procedure II) 
the results are precise and definite. The quantity of ferrocyanide formed 
for each milligram of insoluble egg albiunin is constant, although the time 
of reaction and the amounts of insoluble albumin vary considerably. The 
quantity of ferrocyanide formed per milligram of insoluble albumin is the 
same at pH 6.9 as at pH 7.4, but more than at pH 6.6. Less ferricyanide 
is reduced at pH 6.6 because some of the SH groups fail to take part in the 
reaction, as tests with nitroprusside demonstrate. The tests are made 
on insoluble egg albumin that has been washed free of soluble egg albumin 
and ferricyanide. When samples of precipitated egg albumin from experi- 
ments at pH 6.6, 6.9, and 7.4 are tested with nitroprusside and anunonium 
hydroxide, in no case is a color obtained. When the same tests are carried 
out in the presence of guanidine hydrochloride an intense color appears in 
the albumin from the experiment at pH 6.6 and only just detectable colors 
in the albumin from the experiments at pH 6.9 and 7.4. It is characteristic 
of SH groups in general that the more acid the solution in which they are 
placed the less readily do they react. It is also characteristic of an SH group 
that its hydrogen is readily displaced by mercury. If mercuric chloride is 
added to a cysteine solution or to denatured egg albumin in solutions of 
urea, guanidine hydrochloride, or Duponol, these solutions no longer reduce 
ferricyanide (7). Nor do films of egg albumin reduce ferricyanide if mercuric 
chloride is present. 

The number of SH groups found in films of egg albumin (by procedure 
n) is the catriP as in egg albumin denatmed by solutions of urea, guanidine 
hydrochloride, or Duponol (7). Only in heat denatured egg albumin does 
the number of active SH groups seem to be different— 0.5 to 0.6 per cent 
(8, 11, 6, 5, 1). This apparent difference is due to a curious oversight: In 
egg albumin denatured by urea, guanidine hydrochloride, Duponbl, or 
rendered insoluble by surface forces, SH groups are estimated while the 
denaturing agent is still present (that is to say, estimations are made on 
albumin in a solution of the denaturing reagent or on albumin actually at 
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the surface), whereas in heat denatured egg albumin SH groups are esti- 
mated after the denaturing agent is removed (that is to say, on albumin 

TABLE I- 


Reaction of Ferricyanide with Films of Egg Albumin 


Experi- 

ment 

No. 

pH 

Time of 
shaking 

Albumin in solution 

Precipi- 

tated 

albumin 

Ferroqranide formed 

SH 

groups 

SHiproups 

in 

insoluble 

albumin 



min. 

mg. 

mg. 

MM 

mg. 

eystmm 

per cent 
cytteine 

I 

6.91 

0 

18.5 

0 

0 

0 

— 



360 

13.5 


0.000420 






13.6 

5.0 

0.000428 

0.051 

1.02 




13.5 








Av. 13.53 


Av. 0.000424 




■ 

430 

mmmm 

■i 

0.000497 








0.000460 


0.97 




12.75 

■■ 

0.000497 

■i 



■ 


Av. 12.53 

■ 

Av. 0.000485 

■ 


B 

H 

510 

11.6 


0.000557 






11.6 

7.1 

0.000557 

0.066 

0.93 


B, 


11.0 


0.000537 



Bi 

■ 


Av. 11.4 


Av. 0.00055 



II 

6.91 

0 

18.5 

0 

0 

0 

— 



370 

12.6 

5.9 

0.000464 

0.056 

IB 



440 

11.5 

7.0 

0.000540 

0.065 




510 

11.25 

7.25 

0.000568 

0.068 

0.94 

III 


0 

18.5 

0 

0 

0 

— 


6.56 

300 

11.3 

7.2 

0.00047 

0.056 




375 

10.05 

8.45 

0.00061 

0.073 

wSM 



435 

9.25 

9.25 

0.00063 

0.076 

HI 

IV 

7.44 

0 

18.5 

0 

0 

0 

— 



380 

14.25 

4.25 

0.000332 

0.040 

0.94 



510 

13.55 

4.95 

0.000405 

0.0485 

mSm 



630 

12.55 

5.95 

0.000458 

0.055 

m 


that has been allowed to cool off)- If SH groups are estimated in heat 
denatured egg albumin while the albumin is being heated, precisely the 
same number of SH groups is found as when estimations are made in the 
presence of urea, guanidine hydrochloride, Duponol, or surface forces. 

In denaturation by heat, if the process is stopped while some egg albumin 
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still remains in solution, it is found that SH groups appear only in the al- 
bumin rendered insoluble, there being none in the albumin that was heated 
but not yet rendered insoluble. In denaturation by urea SH groups appear 
only in the fraction of protein with altered solubility (7). When films of 
insoluble egg albiunin are constantly being formed, the fraction of albumin 
that still is soluble does not reduce ferricyanide. In thermal and urea 


TABLE n 

Rtaction of Ferricyanide viith Films of Egg Albumin after They Have Been Removed from the Surface, 
(Before Adding Ferricyanide the Albumin Had Been Shaken for 25 Hours and 63 Per Cent of It 


Temperature 0-1 ®C.; pH 6.9 

Had Been Coagulated) 



Time of reaction 
with ferricyanide 

Soluble albumin 

Insoluble 

albumin 

Ferrocyanide 

formed 

SH groups 

SH groups in 
insoluble albumin 

krs. 

mg. 

mg. 

mai 

mg. cysteine 

per eeni cjnMlM 

6| 

6.85 

11.65 

0.000342 

0.41 

0.35 

20 

5.5 

13.0 

0.000572 

0.687 

0.53 

42* 

4.45 

14.05 

0.000745 

0.895 

0.64 


* Total SH in albumin at this time, obtained by heating to 85® for 10 minutes. 

0.00142 mM fertocyanide was obtained. This is equivalent to 1.7 mg. cystane or 0.92 per 

cent. 


TABLE HI 

Reaction of Ferricyanide with SduUe Heat Denatured Egg Albumin 


Temperature 0-rC.; pH 6.9 — 

Time of reaction with 

Ferrocyanide fonned 

SH groups 

SH groups in albumin 

ferricyanide 





mu 

«f . cysteine 

per cent cysteine 


0.00064 

0.77 

0.415 

e 

0.000828 

0.993 

0.54 

o 

0.000865 

1.04 

0.56 

u 

8 

0.00087 

1.045 ^ 

0.565 


denaturation and in the process of film formation, appearance of SH groups 
and alteration in solubility are integral parts of the same process. 

When ferricyanide reacts with films of egg albumin after they l^ve been 
reeved from the surface (procedure I, Table II) ^er ^f SH groups 
(0.6 per cent) found is the same as in egg albumin ^enatmed by heat ^ 
then flowed to cool before SH groups are estimated (Table III). In boA 
cases there is no sharp end-point to the reaction; it appears to continue al- 
most indefinitely, although after some time at a much 
n at this time ferricyanide is washed away and the protein is tested with 
dtoopmside, no color reaction is obtained. Still the protein contmues 
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to reduce ferricyanide, although very slowly indeed — ^as if SH groups were 
still present in the protein, but not fully accessible to ferricyanide. And 
there still are SH groups in the protein, for if the nitroprusside test is carried 
out in the presence of guanidine hydrochloride an intense color is obtained. 
The SH groups have not been lost by oxidation. The unreactive (or 
very sluggishly reactive) SH groups of films of egg albumin removed from 
the surface and the SH groups of heat denatured egg albumin, allowed to 
cool off, reduce ferricyanide rapidly if the ferricyanide-protein mixtures 
are heated to 85°. When egg albumin is denatured by a concentrated urea 
solution and the urea is subsequently diluted, the SH groups of the dissolved 
albumin no longer reduce ferricyanide rapidly (as they do in concentrated 
urea, the reaction being complete in less than 1 minute), but in the same 
sluggish and incomplete manner as in albumin denatured by heat and then 
cooled.^ When the albumin in such a dilute urea solution is heated or when 
urea is added to the solution the SH groups immediately reduce ferricyanide. 

The properties of egg albumin denatured by heat and urea that have 
just been briefly noted will be more completely described in another paper. 
They have been referred to in this paper because they show a close resem- 
blance between surface films of egg albumin that have been removed from 
the surface, egg albumin denatured by heat and then allowed to cool, 
and egg albumin denatured by concentrated urea solution and the urea 
then diluted. There is also a close resemblance between the properties 
of films of egg albumin while they still are at the surface, albumin denatured 
by heat and kept heated, and albumin in solutions of urea, guanidine 
hydrochloride, or Duponol sufficiently concentrated to cause denaturation. 
In the many different ways of denaturing egg albumin the two most char- 
acteristic changes in the protein are the loss of solubility at the isoelectric 
point and the appearance of SH groups. These two changes also take place 
when a film of egg albumin is formed. In a film precisely the same number 
of SH groups appear as when egg albumin is denatured; and when the films 
are withdrawn from the surface, and allowed to clump together, the same 
change in SH groups takes place as when the denaturing agent is withdrawn 
from denatured egg albumin. 

It is clear that the film at the surface of an egg albumin solution should 

* When SH groups of denatured egg albumin disappear no native egg albumin is 
formed. All of the protein is still insoluble in water at the isoelectric point. That the 
amount of ferricyanide reduced by heat denatured egg albumin is increased by increasing 
the ferriqranide concentration or the time of reaction has been noted by Anson (1). 
The observations reported in the present paper were made before the publication of 
his paper. 
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be considered to be denatured. Apparently the same fundamental change 
takes place when a film of egg albumin is formed as when albumin is modified 
by heat, urea, and other agents. This would explain why the properties 
of a film of protein are not changed by heating to a temperature well above 
the temperature of denaturation of the same protein in solution (3); the 
change wrought in dissolved albumin by heat had already taken place when 
the film was formed.® The change in configuration of the egg albumin 
molecule that occurs when a film forms can in a general way be clearly 
described; the film, as has been said, is only 8 A.u. thick whereas the 
molecule in solution is an ellipsoid with a major axis of 91 A.u. and a minor 
axis of 32 A.u. This change in configuration would explain why SH groups 
appear in egg albumin. Groups in the interior of the protein molecule 
become exposed in a film and are thus able to take part in the reaction from 
which they had previously been shielded by the peripheral groups of the 
native protein molecule. The egg albumin molecule unfolds when a film 
is formed.* Unfolding, and uncovering of the interior of a molecule, may 
also be supposed to occur whenever the SH groups of egg albumin give a 
reaction with nitroprusside and reduce ferricyanide — as they do when egg 
albumin is denatured by every agent that has so far been investigated. 
In another paper direct evidence will be given for the unfolding of egg al- 
bumin in concentrated solutions of urea. 

Many SH groups in the films of egg albumin no longer reduce ferrveyanide 
when the films are clumped together. These groups have not been oxidized. 
They simply are inaccessible to the ferricyanide. The albumin at this 
timft is in the form of a suspension and (although the suspension is finely 

* Dognon and Fiffault who made the observation referred to (that a film of serum 
nlhiimin heated to 70 ” is not changed) concluded that a thin^film of albumin is not 
denatured by heat. 

* When the egg albumin molecule unfolds SH groups could conceivably react with 

ferricyanide for a reason quite different from the one that has just been given. If two 
SH groups must react simultaneously with ferricyanide to give one S— S group, it must be 
supposed that the two SH groups are placed close together in the protein molecule. 
It may be that in the native egg albumin molecule SH groups are so far separated from 
each other that it is impossible for two of them to react with ferricyanide to yield a S— S 
group. Unfolding would make possible the reaction with ferricyanide by bringing 
SH groups close together. This explanation is untenable because the SH groups of 
native egg do not react with iodoacetate, and in this reaction SH groups do not 

react in pairs. 

It has also been supposed that SH groups do not exist as such in the native protm 
that during denaturation th^r are formed from S— S groups. This theory will 
be considered in another paper. 
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divided) this may seem to be a sufficient reason for the inaccessibility of some 
SH groups to ferricyanide. Even in a solution of egg albumin, however, 
SH groups may become inaccessible to ferricyanide. This happens in a 
concentrated urea solution when the urea is diluted. And when heat 
denatured albumin is cooled its SH groups become inaccessible whether 
the albumin is dissolved or precipitated. An ei^lanation for the disap- 
pearance of SH groups will be offered in another paper, when the phe- 
nomenon itself will be more completely described. 

SUMMARY 

1. The same number of SH groups reduces ferricyanide in surface films 
of egg albumin as in albumin denatured by urea, guanidine hydrochloride, 
Duponol, or heat, provided the ferricyanide reacts with films while they still 
are at the surface and with the denatured proteins while the denaturing 
agent (urea, heat, etc.) is present. 

2. The SH groups of a suspension of egg albumin made by clumping 
together many surface films react with ferricyanide in the same sluggish 
and incomplete maimer as do the groups in egg albumin denatured by con- 
centrated urea when the urea is diluted or in albumin denatured by heat 
when the solution is allowed to cool off. 

3. The known change in configuration of the egg albumin molecule when 
it formsjiart of a surface film eiqilains why SH groups in the film react with 
ferricyanide whereas those in native egg albumin do not. In the native 
egg albumin molecule groups in the interior are inaccessible to certain 
reagents. A film is so thin that there are no inaccessible groups. 

4. Because of the marked resemblance in the properties of egg albumin 
in surface films and of egg albumin after denaturation by the recognized 
denaturing agents, it may be supposed that the same fundamental change 
takes place in denaturation as in film formation — ^indeed, that fiilm forma- 
tion is one of the numerous examples of denaturation. This would mean 
that in general the SH groups of denatured egg albumin reduce ferricyanide 
and react with certain other reagents because they are no longer inaccessible 
to these reagents. 

EXPERIMENTAL 

The reagents used have been described in a previous paper (7). All experiments, 
unless otherwise noted, were done at 0 to 1°. 

Procedure 1 . — ^In each of twenty-four 60 cc. glass stoppered pyrez bottles are placed 
0.20 cc. of egg albumin solution (containing 18.48 mg. of egg albumin), 0.10 cc. (rf a 1 m 
pH 6.9 KHiP 04 -KiHP 04 buffer, and 9.2 cc. of water. The bottles are placed in a 
shaker making 240 strokes per minute. The shaker is placed in a cold room kept at a 
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fraction of a degree above zero. Even after shaking for more than 24 hours only two- 
thirds of the egg albumin is coagulated. Shaking is done in the cold to reduce to a 
minimum oxidation by the air in the bottles. (Actually little or no oxidation takes 
place. After shaking in the absence of ferricyanide for 25 hours and then with ferri- 
cyanide added for 45 hours the mixture was heated to 85® for 10 minutes. The quantity 
of f errocyanide formed was the same as in a mixture heated at once, without any previous 
s h a kin g.) After shaking for 25 hours, 0.10 cc. of 0.2 m ferricyanide is added to half 
of the bottles and all the bottles are replaced in the shaking machine. At various 
intervals of time four bottles (two with and two without ferricyanide) are removed 
from the shaker. In the mixtures containing ferricyanide the protein is precipitated by 
adding 0.3 cc. of 1 n HsS 04 and 0.1 cc. of a 10 per cent sodium tungstate solution. The 
protein is filtered off and the quantity of ferrocyanide is estimated, as previously de- 
scribed. To the albumin mixtures not containing ferricyanide 0.4 cc. of water is added 
and the suspension is then filtered. The protein content of the filtrate is estimated by 
the Kjeldahl method. From this the quantity of protein coagulated is reckoned by 
difference. 

Comparison with Reduction of Ferricyanide by Heat Denatured Egg Albumin. — To 2 
cc. of egg albumin solution are added 15.8 cc. of water and 2.2 cc. of 0.06 N HCl. The 
solution is heated at 85® for 10 minutes and is then cooled in an ice mixture. To 2 cc. 
of this solution (containing 18.48 mg. egg albumin) are added 7.4 cc. of water, 0.1 cc. of 
phosphate buffer, and 0.1 cc. of 0.2 m ferricyanide. These solutions of albumin and 
ferricyanide are shaken (although they are perfectly clear solutions) in the cold room. 
After various intervals of time to each sample are added 0.3 cc. of HsS 04 and 0.1 cc. of 
sodium tungstate. Ferrocyanide is then estimated in the protein-free filtrate. 

Procedure II. — Ferricyanide is present in one-half of the bottles from the beginning 
of the shaking experiment. Various 1 m KsHP04-KHsP 04 buffers are used — ^at pHs 
6.56, 6.91 , 7.44. In one experiment, with pH 6.91 buffer, 0. 1 cc. of 0. 1 M mercniric chloride 
is added to each sample of egg albumin at the same time that the ferricyanide is added. 
In this experiment the albumin is shaken for 10 hours. 
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THE COURSE OF ROD DARK ADAPTATION AS INFLUENCED BY 
THE INTENSITY AND DURATION OF PRE-ADAPTATION 

TO LIGHT* 


By CHARLES HAIG 

(Prom the Research Servke, First Medical Division, Welfare Hospital, New York City 

Department of Hospitals, and the Department of Medicine, College of Physicians and 
Surgeons, Columbia University) 

(Recdved for publication, Mardi 1, 1941) 

I 

The increase in sensitivity of a limited area of the retinal periphery, 
following pre-exposure to light of varying intensity and duration, has been 
the subject of a number of recent stupes (Miiller, 1931 ; V^nsor and Clark, 
1936; Wald and Clark, 1937; Hecht, Haig, and Chase, 1937). 

While these data have shown that the effect of varying the duration of 
pre-adaptation is in many ways similar to that of varying the intensity, 
there has appeared no report of well controlled measurements of the relative 
influence of these two factors upon the course of the subsequent dark 
adaptation. 

It is our present purpose to describe a series of such measurements ob- 
tained in this laboratory. 


II 

Methods 

In the adaptometer employed (Hecht and Shlaer, 1938), whitl is oi the monocular 
type, the eye piece is used during both light and dark adaptation periods. This 
is by a simple mechanical alteration of the lens and intensity control 

systems at the termination of the period of light adaptation. As the instrument is not 
regularly provided with an artificial pupil, for the present study this was supplied by a 
disc of hiprironwl metal through which was drilled a circular, 2 mm. hole. This was 
att ached to the regular eye piece of the instrument. With the eye in place against the 
eye piece the observer’s cornea was at a distance of 3 mm. from the artifidal pupil. 

A scc«fid method of obtaining a constant pupil was f o employ as one of the observers 
a pa t ient who had an Argyll Robertson pupU due to syphilis. This observer’s pupil was 

* A preliminary report of these measurements was presented to the American Society 
of Zoologists in December, 1938 (Anal. Rec., 1938, 72, suppl., 82), and to the American 
Physiological Society in April, 1939 (Am. J . Physiol., 1939, 126, 518). • 
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fixed with respect to light stimuli at a diameter of about 5 mm., and was thus virtually 
in the open condition. It should be added that, due to cirrhosis of the liver, his visual 
threshold was about five times higher, and his rate of rod dark adaptation somewhat 
slower tbftn normal. We found no reason to suspect that either of these pathological 
conditions caused any fundamental alteration of the essential process of dark adaptation. 
This conclusion is based, in part, upon the fact that, as one of the subjects of a study of 
the relation between dark adaptation and vitamin A in cirrhosis of the liver (Haig, 
Hecht, and Patek, 1938; Patek and Haig, 1939), this patient’s dark adaptation was 
rendered completely normal, in rate as well as in threshold level, by parenteral admin- 
istration of vitamin A. 

The adapting light was white, and its brightness was controlled with neutral decimal 
filters. In all of the measurements on the normal observer (£. M. H.) the artificial pupil 
was used during light adaptation as well as during dark adaptation. In those on ob- 
server R. C., whose pupils were pathologically fixed, the artificial pupil was not used. 
Since the threshold, as well as the adapting, intensities recorded are the external ones, 
it should be kept in mind that they represent comparable retinal illuminations only with 
reference to the same pupil size. 

A violet filter (Coming No. 511) was used in the path of the test light to provide a 
means of perceptually differentiating between cone (colored) and rod (“colorless”) 
responses. The test light was flashed for 0.2 second at each observation. The retinal 
region measured was a 3^ circular area located 7^ nasally to the fovea of the right eye of 
observer £. M. H. and the left eye of observer R. C. 

The general procedure of a dark adaptation run was as follows: The observer became 
completely dark adapted by a stay of 30 minutes in the dark room in which the test was 
to be made. He then looked through the exit pupil of the instrument at the fixation 
light, and the adapting light was turned on for a predetermined period. Immediately 
upon turning off the adapting light, by shifting the lens and intensity control S 3 rstems 
to the threshold measuring position, observations began, and were continued until the 
threshold reached a relatively constant, low level. Readings were made almost as fre- 
quently as possible during the early portions of both cone and rod adaptation, and with 
decreasing frequency as the processes slowed down. At each observation the observer 
looked steadily at the fixation light (which was dimmed as adaptation proceeded) and 
the operator flashed the test light at higher and lower brightness levels until a minimum 
response was obtained. We have found that by starting the observation with a readily 
visible stimulus, the operation of placing the eye in exactly proper relation to the fixation 
and stimulating lights, and to the exit pupil, is greatly facilitated. The final procedure 
in obtaining a reading was to approach the thre^old from below in steps of 0.08 log unit 
of intensity until a visible flash was observed. Thus, although the observations began 
in the manner employed for measuring the “disappearance” threshold, the final bright- 
ness recorded was a modified “appearance” thr^old. The appearance threshold is 
known to be somewhat higher than the disappearance threshold (Charpentier, 1886). 

In addition to reporting the presence or absence of a visible flash, the observer also 
described the color sensation associated with each threshold reading. We have con- 
sistently observed the sharp change in hue accompan 3 dng the sudden drop in threshold 
occurring at the beginning of rod adaptation (Hedht, Haig, and Chase, 1937), but have 
found, for the two observers of the present experiments, that the change is not from 
violet to white, but rather from violet to a “gray-blue,” which cannot be described as de- 
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saturated violet. An unequivocally white sensation is not observed until the threshold 
has descended to about 1.5 logarithmic units of intensity above the final rod threshold. 
The latter is also true of the exclusively rod observations following low degrees of light 
adaptation (c/. Kroh, 1922). 


ni 

Measurements after Varying Degrees of Light Adaptation 

Measurements were made of the dark adaptation of both observers fol- 
lowing adaptation to white light of 447 millilamberts intensity for periods 

TABLE I 

Dark adaptation as measured with 2 mm. artificial pupil following light adaptation for various 
periods to white light of 447 ml. intensity. Individual observations made at one sitting by ob- 
server E.M.H. Time is in minutes; intensity in micromicrolamberts. Values in bold face t 3 rpe 
appear violet at the threshold. 


0.1 min. 

0.4 min. 

1.0 min. 

2.0 min. 

4.0 min. 

6.0 min. 

10.0 min. 

Time 








Time 

Log/ 

Time 

Log/ 

Time 

Log/ 

0.4 

5.88 

0.8 

6.80 

0.0 

6.63 

0.8 

7.41 

0.8 

7.46 

0.7 

6.89 

0.8 

7.41 

0.9 

5.28 

0.8 

5.79 

1.0 

6.16 

0.8 

6.08 

0.8 

6.70 

1.0 

6.n 

0.0 

8.04 

1.3 

5.06 

1.3 

S.Sl 

2.1 

5.69 

1.8 

8.47 

1.8 

6.08 

8.1 

iTTio 

0.8 

6.88 

1.8 

4.77 

1.8 

5.26 

2.7 

5.34 

2.4 

6.11 

a.a 

6.88 

8.1 

8.18 

1.4 

6.08 

2.3 

4.54 

2.9 

4.80 

3.7 

5.13 

3.3 

5.71 

8.8 

8.04 

4.5 

5.83 

8.7 

6.16 

4.6 

4.42 

4.1 

4.56 

5.0 

4.70 

4.1 

5.48 

4.3 

5.86 

5.7 

5.36 


5.64 

6.7 

4.35 

5.7 

4.44 

6.7 

4.46 

5.2 

5.12 

5.6 

5.34 

7.1 

5.08 


5.12 

9.3 

4.30 

8.3 

4.35 

9.2 

4.39 

6.S 

4.89 

6.5 

5.17 

8.7 

4.77 

8.5 

4.64 



11.1 

4.30 

12.0 

4.30 

8.3 

4.60 

7.8 

4.89 

10.2 

4.67 

10.5 

4.53 





20.0 

4.30 

10.7 

4.46 

9.2 

4.58 

11.8 

4.60 

15.2 

4.34 







15.3 

4.34 

10.7 

4.51 

13.4 

4.37 

19.1 

4.30 







18.7 

4.30 

12.5 

4.46 

18.6 

\Www 











14.0 

4.35 













18.0 

4.35 













21.7 

4.3P 






ranging from 0.1 to 10 minutes (Tables I and H, and Fig, 1), Another 
set of observations was made of the dark adaptation of both observers 
following 4 minute exposures to white lights ranging in intenMty from 4 
to 4700 ml. (Tables III and IV, and Fig. 2). 

The entire range of pre-exposure durations or intensities was run through 
at a single sitting. In the case of observer R. C., this was done twice for 
each set of measurements and the observations averaged. Unfortunately, 
the eiqperiments on the influence of duration were made about 4 days after 
the ones on the influence of intensity. During this period the threshold 
levels of both observers had changed, that of E. M. H. having risen 0.29 
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TABLE II 

Dark adaptation as measured with pathologically fixed pupil (5 mm.) following light adapta- 
tion for various periods to white light of 447 ml. intensity. Average of two observations made 
in two sittings by observer R.C. Time is in minutes; intensity in micromicrolamberts. Values 


in bold face type appear violet at the threshold. 


0.2 min. 

0.5 min. 

1.0 min. 

1.2 min. 

2.0 min. 

5.0 min. 

6.0 min. 

10.0 min. 

Time 

Log/ 

Time 

Log/ 

Time 

Log/ 

Time 

Log/ 

Time 


Time 


Time 

Log/ 

Hme 

Log/ 

0.2 

5.67 



m 

6.64 

0.1 

6.65 

0.8 

6.77 

0.7 


0.4 

6.62 

0.2 

6.67 

0.8 

KWiy] 

1.6 

5.43 

0.8 

6 . 4 S 

m * W \ 

6.80 



1.4 

6.27 

1.3 


0.6 

6.51 

1.2 

4,72 


Mg ! 

2.3 

5.71 

2.5 

6.30 

2.3 

6.42 

3.6 

6.20 

2.8 

6.30 

1.2 

6.82 

1.6 

4.60 

2.4 

4.91 

kIl 

5.19 

3.5 

5.83 

8.8 

6.42 

5.4 

[52 

6.2 

6.22 

8.4 

6.27 

2.4 

4.36 

3.5 

4.60 

4.0 

4.91 

4.8 

5.43 

4.7 

6.18 

6.5 

5.84 

6.4 

6.22 

■ 2 ] 


3.4 

4.25 

5.1 

4.37 

5.3 


5.8 

5.00 

5.6 

5.78 

7.3 

5.61 

7.9 

5.99 

6.0 

6.13 

5.1 

4.13 

7.1 

4.20 

7.0 

4.41 

7.7 

4.72 

6.4 

5.55 

8.3 

5.25 

9.3 

5.56 

9.0 

5.96 

7.9 



4.08 

9.7 

4.25 

9.5 

4.20 

7.7 

5.15 

9.5 

4.97 


5.19 

mUml 

5.73 

11.4 

4.01 


4.01 

12.6 

4.13 

■nBl 

4.08 

9.1 

4.79 


4.69 

11.5 

4.81 

11.6 

5.47 



HH 


16.5 


13.7 

4.13 

■niTii 

4.56 

12.4 

4.38 

15.2 

4.33 

12.7 

5.08 







15.5 

4.01 

12.5 

4.25 

14.6 

4.26 

18.5 


12.2 

m 







18.6 

4.01 

13.9 

4.18 

16.0 

4.15 

27.7 

4.05 

16.1 

m 









17.1 

4.08 

19.5 




18.2 

4.34 









22.7 

4.08 





21.1 

4.26 















24.7 

4.15 















28.3 

m 


TABLE in 

Dark adaptation as measured with 2 mm. artificial pupil following light adaptation for 4 
minutes to various intensities. Individual observations made at one sitting by observer E.M.H. 
Time is in minutes; intensity in micromicrolamberts. Values in bold face type appear violet at 
the threshold. 


4 ml. 

20 ml. 

44 ml. 

447 ml. 

1150 ml. 

2090 ml. 

4700 ml. 

Time 

Log/ 

Time 

Log/ 





Time 

Log/ 

Time 

Log/ 

Time 

Log/ 

0.2 

5.12 

0.4 

5.62 

0.5 

5.90 

0.8 

7.00 

0.8 

7.84 

0.2 

7.84 

0.0 

7.84 

0.5 

4.89 

0.8 

5.26 

1.0 

5.55 

0.9 

6.41 

1.3 

6.89 

1.0 

7.48 


7.48 

0.8 

4.53 

1.2 

4.91 

2.2 

4.96 

1.7 


2.6 

6.73 

1.6 

7.24 

2.8 

7.13 

1.4 

4.30 

2.4 

4.43 

3.1 

4.60 

2.8 

5.71 

4.0 

6.64 

2.3 

7.13 

8.4 

6.77 

2.2 

4.18 

3.6 

4.20 

4.1 

4.48 

3.7 

5.35 

5.5 

6.18 

8.4 

6.89 

6.7 

6.77 

3.8 

4.06 

5.2 

4.08 

5.3 

4.37 

5.5 


6.4 

5.95 

7.8 

6.42 

8.1 

6.77 

8.1 

4.01 

11.6 

4.01 

8.7 

4.13 

7.0 

4.60 

7.8 

5.47 

8.7 

6.18 

9.7 

6.61 





15.6 

4.01 

8.8 

4.32 

9.4 


10.0 

5.83 

10.8 

6.30 







11.6 

4.20 

11.3 


12.0 

5.25 

12.7 

5.59 







14.5 

ES 3 

13.4 



4.84 


5.36 







20.3 

4.01 

16.0 

4.25 

■wBi 


15.5 

5.08 









22.2 

4.13 

16.9 

4.37 

17.6 

4.84 











18.2 



4.48 











21.8 

Wmm 

24.6 

4.25 






i 





23.3 

4.13 

29.3 

4.20 



























THE INFLUENCE OF HOST RESISTANCE ON VIRUS 
INFECTlVm AS EXEMTLIFIED WITH 
BACTERIOPHAGE 

By a. D. HERSHEY and J. BRONFENBRENNER 

(From the Department of Bacteriology and Immunology, Woshin^on University School of 

Mediate, St. Louis) 

(Received for publication, March 1, 1941) 

Parker (1) has shown that the results of infectivity measurements with 
vaccinia virus may be interpreted as a Poisson distribution of single infective 
particles among aliquots of the virus obtained by dilution. Thus, if it 
may be assumed that there exists a quantity of virus invariably necessary 
and invariably sufficient to produce a lesion in the skin of the rabbit, the 
behavior on dilution requires this quantity to be a single indivisible particle. 

However, if the possibility exists that some independently varying factor 
influences the appearance of lesions in the inoculated sites, the Poisson 
distribution is inapplicable, and a different conclusion is reached. In this 
case the results can only be interpreted as an indication of a particular 
kind of dose response among the animals tested. Bryan and Beard (2) 
have called attention to the fact that the single particle response curve has 
resemblance to the hyperbolic curves characteristic of certain 
drugs (per cent of positive responses plotted against dosage). Their discus- 
sion gives the impression that the reverse is also necessarily true. Actually, 
two separate requirements must be met if the response to a drug is to 
resemble the response to single infective particles. First, ^he distribution 
of resistance among the animals must be of the extreme skew type, resulting 
in an approximately symmetrical distribution of logarithms of individual 
effective doses. In addition, the dispersion of these doses must have a 
particular value, e.g. the ratio between the dose affecting 64 per cent of the 
population and the dose affecting 16 per cent must be 10.6. Gaddum (3) 
has collected data for a number of drugs fulfilling the first of these two 
requirements. In his Table I, twenty-five examples are cited, together 
with the dispersion measures obtained. The latter are expressed as the stand- 
ard deviation of the logarithms of individual effective doses, which, for the 
einglA partide response curve, is approximately \ log 10.6 or 0.51. The 
values tabulated for the twenty-five measurements fall between 0.04 and 
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0.91, among which only those for acetonitrile, dysentery toxin, and pneumo- 
coccus antibody (protective effect), all tested on mice, lie in the neighbor- 
hood of 0.51. Apparently it is quite possible for a drug to approximate the 
single particle response, but it can only do so by a coincidence, dependent 
on the properties of the drug and also largely influenced by the choice of 
animal, and the experimental procedure. 

We have found a record of three substances tested on the human skin (4), 
which is of interest in this connection. Of these three, mercuric iodide in 


TABLE I 

Efeet of Volume of Agar on InfecHviiy of Phage 


Alimot of 
phage 

4cc. agar 

8cc.agar 

Actual count 

Expected 

a ■■ 1 


Actual count 



cc. 







8.0 

db800 

847 

7600 

463 

414 

3700 

2.7 

296 

282 

847 

138 

138 

414 

0.9 

94 

(94) 

(94) 

46 

(46) 

(46) 

0.3 

32 

31 

10 

13 

15 

5 

0.1 

7 

10 

1 

6 

5 

<1 


Twenty times the aliquot of phage shown, in 1.0 cc. of broth, was mixed with 4.0 cc., 18-24-hr 
broth culture of a susceptible coliform species. After allowing the mixture to stand 5 minutes, 
at room temperature, 0.5 cc. amounts were mixed with 4.0 and 8.0 cc., respectively, of 0.7 per 
cent nutrient agar, and poured into Petri dishes containing 15 cc. of solidified 1.0 per cent agar. 
Plaques were counted after 18-24 hrs. at 37^C. The counts shown are the mean of three plates. 

The expected counts for n 1 are computed on the assumption that plaques result from 
single particles; «.e., their number is proportional to the concentration of phage. The expected 
counts for » ■> 2 are computed on the assumption that plaques result from the coordinate action 
of two particles, so that their number is proportional to the square of the concentration of phage. 
In either case, the figures in parentheses are the basis for calculation of the remaining values. 

The method of plating used here has not previously been described. It was adopted by the 
authors several years ago to obtain satisfactory counts with small plaque phages and will be 
discussed in detail in a forthcoming publication. 

aqueous solution shows no resemblance to the behavior of the virus, the 
per cent response ciure being sigmoid with respect to dosage. Of the 
rema inin g two, applied in vaseline, chrysarobin approximates fairly well, 
and mercuric chloride extremely well, to the single particle curve. The 
data for the latter are reproduced on a suitable scale in Fig. 1. It may be 
seen that there is very little difference between this series of tests with 
mercuric chloride, where it is inconceivable that the irritation is produced 
by a single partide, and the results of a typical titration of vacdnia virus. 

The correspondence between the restilt with mercuric chloride and the 
probable distribution of single partides is not very remarkable, however, 
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log unit, and that of R. C. having dropped 0.24 log unit. These changes 
are safely within the known range of day to day variability (0.30 log imit), 
and do not in any way represent effects attributable to differences in the 
experimental management of the two sets of measurements, or to the rela- 


TABLE IV 

Dark adaptation as measured with pathologically fixed pupil (5 mm.) following light adapta- 
tion for 4 minutes to various intensities. Average of two observations made in two sittings by 
observer R.C. Time is in minutes; intensity in micromicrolamberts. Values in bold face type 
appear violet at the threshold. 
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of the light, or by lengthening the exposure, is to reduce the rate of rod 
dark adaptation. This change in rate has two components, a decrease in 
the slope of the function, and a displacement to the right on the time axis. 



Flo. 1. Dark adaptation after different periods of exposure to light of 447 mL inten- 
sity. Data in Tables I and II. Readings in which the test light appeared violet to the 
observer have been omitted. (A) Observer E.M.H., with 2 mm. artificial pupU. Dura- 
tion of light adaptation from left to right in minutes: 0.1, 0.4, 1, 2, 4, 6, and 10. (B) 
Observer R. C., with Argyll Robertson pupil. Duration of light adaptation from left 
to right in minutes: 0.2, 0.S, 1, 1.2, 2, 5, 6, and 10. 

The first effect is more marked after the lower degrees of light adaptation, 
and the second after the higher ones. 

A critical point in the transition from high to low slopes appears at a 
pre-adapting intensity of about 40 ml. (400 photons*) in the data of the 

* By definition, an external brightness of 1 ml. through a 2 mm. pupil illuminates the 
retina with a brightness of 10 photons, and through a 5 mm. pupil with a brightness of 
abcmt 60 photons. However, Stiles and Crawford (1933) have shown that in practice 
this rule applies only to small pupillary diameters. 
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normal ol»^. and at aboot 100 ml. (m 6000 photons) in thorn o( ob- 
R. C. This ending for the normal observer agrees very wett with 
the estimate of 200 photons previously made (Hecht, Haig, and Cha^, 1937) 



FIg. 2. Dark adaptation after 4 minute exposures to lights of different intensities. 
Data in Tables 111 and IV. Readings in which the test light appeared violet to the 
observer have been omitted. (X) Observer E. M. H., with 2 mm. artificial pupil. 
Intensity of light adaptation from left to right in millilamberts: 4, 20, 44, 447, 1150, 
2090, and 4700. {B) Observer R, C., with Argyll Robertson pupil. Intensity of light 
adaptation from left to right in millilamberts; 4, 20, 44, 110, 200, 447, 1150, 2090, and 
4700. 

of the intensity of pre-adaptation at which the rapid type of dark adapta- 
tion is definitely established. For both subjects this transition is critical 
at a pre-adapting duration of about 1 minute. 

Both displacement on the time axis and further changes in slope cease 
above a certain degree of light adaptation, which evidently is complete at 
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this poilit. An illustration of the latter is seen in Fig. lA, the 6 and 10 
minute points falling on the same curve with the 4 minute ones.* Similarly, 
in Fig. 2 B, the 4700 ml. data coincide with the 2090 ml. ones.' 

IV 

Displacement on the Time Axis 

The quantitative aspects of these changes in the course of dark adapta- 
tion produced by varying the intensity and duration of the preceding light 
adaptation may be more adequately formulated by a graphical treatment 
of the positions and slopes of the cmves. 

For eapressing the temporal positions of the curves, the number of min- 
utes in the dark required for the threshold to descend to a given level above 
the final threshold, following the various pre-adapting intensities and dura- 
tions, was obtained graphically from the data of Tables I-IV. Obviously 
it makes no essential difference in the result at what level above the final 
threshold this point is taken, provided it is such that every curve in both 
the intensity and duration series of each observer is accurately represented. 

The levels above the final thresholds selected were 0.75 log unit for ob- 
server R. C. and 0.70 log unit for observer E. M. H. The values so found 
(Table V) were plotted against the logarithms of the intensity (Fig. 3 A) 
and the duration (Fig. 3B) of pre-adaptation. 

The greater portions of the curves of Fig. 3 represent displacement of 
the dark adaptation curves on the time axis, only the segments representing 
pre-adaptations below about 100 ml. (R. C.), 40 ml. (E. M. H.), and 1 
minute (both observers) having any considerable slope component. The 
curves in Fig. 3 are all agmoid in form, but attain different heights and 
flatten out at the top to different degrees and at different levels. The 
slopes of the intensity and duration curves for the same observer are prac- 
tically identical at comparable levels, the duration curves diverging from 
parallelism only at the upper ends. 

* This means that light adaptation to a light of 447 ml. brightness through a 2 mm. 
pupil was complete in the normal observer within 4 minutes. It will be noted (Fig. 

1 B), that in the case of observer R. C., light adaptation to a light of this brightness 
through a 5 mm. pupil was still incomplete after 10 minutes. Thus, even though the 
intensity of light adaptation was greater by a theoretical factor of more than 6 in the 
case of the observer with drrhosis of the liver, its rate was much slower than in the case of 
the normal observer. Measurements of the rate of light adaptation of two other pa- 
tients with liver cirrhosis (also having delayed dark adaptation) showed a similar dday. 
In all three subjects the speed of both functions was increased by vitamin A therapy 
(Haig, 1940). These obsenmtions clearly suggest that the rates of light adaptation and 
dark adaptation are governed by a common factor, presumably a catalyst. 
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TABLE V 


^twccn di^Uon and intensity of light adaptation, the time of appeanmce of a 
specific threshold, and the slope of the curve of dark adaptation. The specific thresholds, and 
the method of computing the slope are given in the text. 


Observer 

AdepUtion 

duretion 

Time to 
specific 
threshold 

Slope 

Adaptation 

intensity 

Time to 
specific 
thfoshold 

Slope 



min. 





E . M . H . 


1.4 

1.77 

4 


2.16 



2.3 

1.03 

20 


1.38 



4.0 

0.65 

44 


0.65 



5.7 

0.55 

447 


0.53 



7.1 

0.55 

1150 

11.1 

0.43 



7.1 

0.55 

2090 

14.4 

0.45 


10.0 

7.1 

0.55 

4700 

18.1 

0.30 

R . C . 

0.2 

1.2 

1.18 

4 

0.4 

1.54 


0.5 

3.0 

0.69 

20 

1.0 

1.18 


1.0 

4.8 

0.51 

44 

1.7 

0.89 


1.2 

7.2 

0.50 

no 


0.49 


2.0 

9.3 

0.49 

200 


0.44 


5.0 

10.5 

0.47 

447 


0.38 


6.0 

12.0 

0.45 

1150 


0.43 


10.0 

13.9 

0.38 

2090 


0.36 





4700 


0.36 



log intensity - ML LOG DURATION - MlN. 

Fte. 3. of the intensity (A) and the duration (H) of light adaptation to the 

required for the dark adaptation function to attain a specific threshold. Data in 
Table V. The values on the absdssae refer to the data of R. C. (filled circles), those of 
observer E. M. H. (open circles) being displaced 1 logarithmic unit to the ri(^t. 

The relatively low level at which the duration data of observer E. M. H. 
(Fig. 3B, open circles) reach a maximum constant value is obviously due 
to the low intensity of pre-adaptation employed in toe duration cxpen- 
ments. With higher adapting intensities, greater displacements of the 
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dark adaptation function would be produced, and the completion of light 
adaptation would take place at higher displacement levels. Thus, the 
higher the intensity of pre-adaptation employed in the duration series, the 
more the displacement function of the latter shoiild resemble that of the 
intensity series. 

These comparisons reveal a striking similarity between the effects of 
intensity and duration of pre-adaptation upon the displacement in time of 
the dark adaptation function. 

The significance of the component of the cmves of Fig. 3 representing 
simple displacement in time, as distinguished from the small additional 
component attributable to changes in slope, is fairly well understood (Hecht, 
Haig, and Chase, 1937), and is predictable from mass law considerations 
(Winsor and Clark, 1936). Blanchard (1918) has observed that increasing 
the intensity of the pre-adapting light causes a rise in the instantaneous 
threshold in the dark. Since the same effect is no doubt also produced, 
within limits, by increasing the duration of light adaptation, it may be 
said that the higher the degree of pre-adaptation, the higher will be the 
initial dark adaptation threshold, and the farther the threshold will have 
to drop to attain the equilibrium level. Thus, the higher the degree of 
light adaptation, the longer will be the time required by the dark adapta- 
tion process to reach any given threshold value. 

V 

Change of Slope 

For convenient graphical representation, the slope of the dark adaptation 
curves may be defined as the reciprocal of the time in the dark required for 
the threshold to descend 0.4 logarithmic unit at a given level above the 
final threshold. 

On this basis, we have calculated the slopes at two levels of the dark 
adaptation function, a higher level, and a contiguous lower one. The 
two slopes were then averaged to obtain an over-all index of the slope of 
the function through a drop in threshold of 0.8 log imit. For observer R. C. 
the threshold intervals employed were from 1.15 to 0.75 log units, and from 
0.75 to 0.35 log units above the final threshold. For observer E. M. H. 
the intervals were from 1.19 to 0.79, and from 0.79 to 0.39 log units above 
the final threshold. 

The average slopes so computed are given in Table V, and have been 
plotted against the logarithms of the corresponding durations and intensities 
of light adaptation, as shown in Fig. 4. 
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Again in this figure, as in Fig. 3, the slopes of the intensity and of the 
duration series for the same observer are seen to be very nearly parallel. 
Thus, for both displacement on the time axis and for alteration of the slope 
of the dark adaptation function, the effects of intensity and of duration of 
pre-adaptation are found to be amazingly alike.* 

The phenomenon of the decreasing slope of the dark adaptation function 
accompanying increases in the intensity of light adaptation was first re- 
ported for the retina as a whole by Blanchard (1918). It was later observed 
in the fovea by Fedorova (1927), and by Johannsen (1934). Since an 
analogous effect has been found in enzyme systems in vitro, e. g. in the auto- 



Fig. 4. Relation of the intensity {A) and the duration (B) of light adaptation to the 
slope of the dark adapUtion function. Data in Table V. The values on the abscissae 
refer to the daU of observer R. C. (filled circles), those of observer E. M. H. (open circles) 
hoing displaced 1 logarithmic unit to the right. 

catalytic formation of trypsin from trypsinogen (Kunitz, 1939), it is evi- 
dently not a uni que property of the visual mechanism.'but, on the contrary, 
ma y have quite general chemical significance. 


VI 


Similarities in the Effects of Intensity and Duration 
In view of the extraordinary conformities already noted in the effects 
of intensity and of duration of pre-adaptation on the course of dark adapta- 

* It should perhaps be mentioned that the curves drawn throu^ the date of Figs. 1 

and 2 wr^^uteS from the reUtion Kt - C - log (log //log // -- 1), where / is the 
ana i wctc compui threshold mtensity , K the slope of 

thr^old int^Uy m the ckrk. /, ^ 

the function, a decree of light adaptation in much the same manner as do the 
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1 


2 3 4 1 2 3 

logarithm of light adaptation 


Fig. 5. Comparison of the influence of intensity (flllcd circles) and duration (open 
circles) of light adaptation upon the time required for the dark adaptation function to 
attain a specific threshold. (A) Observer R. C., (B) observer £. M. H. The values on 
the abscissae refer to the adapting intensity, those of the adapting duration having been 
moved up 2.1 log units (R. C.), and 2.0 log units (£. M. H.). 



logarithm of light adaptation 

Fig. 6. Comparison of the influence of intensity (filled circles) and duration (open 
circles) of light adaptation upon the slope of the dark adaptation function. (A) Ob- 
server R. C., (H) observer £. M. H. The values on the abscissae refer to the adapting 
intensity, those of the adapting duration having been moved up 2.1 log units (R. C.), 
and 2.0 log units (£. M. H.). a, 6, and c, indicate duration and intensity points which 
coincide in both Figs. 5 and 6. 

tion, it is hardly surprising to discover that the intensity and the duration 
curves for both the displacement and the slope functions are superimposable 
over a considerable range by a shift along the abscissae. The amount of 
shift is identical for both functions, and very nearly the same for both 
observers. It is 2.10 logarithmic units for observer R. C., and 2.00 loga- 
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rithmic units for observer E. M. H. Figs. 5 and 6 show the results when 
the duration data are shifted to the right on the axis of abscissae by these 
amounts. 

The fig[ures show that changes in the duration or in the intensity of pre- 
adaptation produce the same amount of displacement on the time axis and 
the same degree of change of slope in the dark adaptation function over 
very wide limits. For observer R. C. these limits are approximately 20- 
200 ml. and 0.2— 2.5 minutes, and for observer E. M. H. they are approxi- 
mately 11—450 ml. and 0.1-4 minutes. For observer E. M. H. the correla- 
tion is almost perfect up to the point of complete light adaptation in the 
duration series, while for observer R. C., the correlation breaks down some- 
what below this point. 

Two pairs of points (a and b in Figs. 5 and 6) in the data of R. C., and one 
pair (c in Figs. 5 and 6) in those of E. M. H., happen to coincide almost 
exactly in both figures. Since this means that the dark adaptation curves 
which these pairs of points represent have the same position on the time 
axis and the same slope, they must be identical curves. 

Both curves of the pair designated c are resultants of the same pre-adapt- 
ing conditions (4 min. X 447 ml.), and hence their falling together in Figs. 
5 and 6 merely serves to demonstrate the precision of the measurements 
and of the graphical analysis. Pairs a and b, however, are each resultants 
of widely different pre-adapting conditions, a representing 4 minutes X 
20 ml. = 80 ml. minutes versus 0.2 minute X 447 ml. = 89 ml. minutes, 
and b representing 4 minutes X 110 ml. = 440 ml. minutes versus 1 minute 
X 447 ml. = 447 ml. minutes. The four sets of data have been plotted 
together, with appropriate adjustments of the threshold levels, in Fig. 7. 
It is clear from the figure that in each case the data of the intensity series 
coincide with those of the duration series. 

The fact that the quantities of pre-adapting light for each pair of curves 
shown in Fig. 7 are almost identical is obviously an expression of the Bunsen- 
Roscoe law, which evidently holds for the entire range over which the dis- 
placement and slope functions of Figs. 5 and 6 are superimposable. This 
law states that for a given photolytic effect, duration and intensity of 
exposure to light bear a reciprocal relation; i.e., / X f = a constant (Bunsen 

and Roscoe, 1862). , 

It is clear that for reversible photochemical systems, the upper hmit of 
the exposure time for which the Bunsen-Roscoe relation holds is determined 
by the rate of the reverse dark process. The slower the dark process, the 
longer the exposure period may be without causing an appreciable departure 
from the reciprocal relation between time and intensity. Since the present 



748 


ADAPTATION AND LIGHT ADAPTATION 


data confonn to the Bunsen-Roscoe law up to pre-exposure durations of as 
long as 4 minutes, it must be concluded that the dark process during pre- 
exposure to the light intensities employed is exceedingly slow. Thus, the 
slowing down of dark adaptation as the degree of light adaptation is in- 
creased most likely constitutes the basis for the close adherence of the data 
to the Bunsen-Roscoe law. 

In the present experiments all but one (0.1 ml., or 1 photon) of the pre- 
adapting intensities are above the intensity of less than 1 photon found to 
be necessary for maximum effectiveness of the rods in all other visual func- 



Fig. 7. The dark adaptation measurements represented by the pairs of coinciding 
points designated a and b in Figs. 5 and 6 plotted on the same coordinates. Light 
adaptation: (a) filled circles, 4 minutes X 20 ml.; open circles, 0.2 minute X 447 ml. 
(b) filled circles, 4 minutes X 110 ml.; open circles, 1 minute X 447 ml. 

tions that have been measured (Hecht, 1934). Measurements of dark 
adaptation following these intensities of pre-adaptation may therefore be 
expected to reveal properties of the visual mechanism that are not disclosed 
by measurements of the dark-adapted threshold or of such functions as 
visual actiity, intensity discrimination, or critical fusion frequency. 

Thus, for the threshold of the dark-adapted eye, the relation I X t = C 
has been shown (Pidron, 1920) to hold for e:q>osure periods of no longer than 
0.07 second, whereas for the light adaptation preceding dark adaptation, 
the present data indicate that this relation holds for e:q)osure periods of as 
long as 4 minutes. 

The reason for the decrease in slope of the dark adaptation function with 
increasing degrees of pre-adaptation remains obscure. Ktihne (1879) has 
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found, and Wald (1935 o, b) confirmed, that, after bleaching, visual piliplt 
regenerates in excised retinas by two different routes, rapidly from its 
immediate photoproducts, and mOTe slow]/ J/OBl JtS MBOte JJ/eCUlSOIS. 
On the assumption that the retina in situ possesses a simiiar mecfianw/ff, /? 
has been proposed (Winsor and Clark, 1936; Wald and Clark, 1937; Hecht, 
Haig, and Chase, 1937) that the dark adaptation process is compounded 
of two concomitant reactions, a fast and a slow one, the slope of the dark 
adaptation function depending upon the proportion in which the two re- 
actions contribute to the total effect. In general outline, some such ex- 
planation of the variable slopes of the dark adaptation function seems not 
improbable. 

Wald and Clark (1937), however, have attempted a more precise formula- 
tion of tMs comparison between the chemical findings in the retina and the 
results of dark adaptation measurements. They deduce that the classical 
visual cycle, as modified by Wald (1935 a, b), behaves in such a manner 
that in dark adaptation measurements, recovery from very short exposures 
to lights of high intensity will be found to be faster than recovery from pro- 
longed exposures to lights of lower intensity, even though the degree of 
light adaptation is the same in the two cases. They have published dark 
adaptation data which seem to confirm this prediction (Wald and 
Clark, 1937). 

The present results, indicating that duration and intensity of pre-exposure 
have, within wide limits, identical effects upon the course of dark adaptation, 
are at complete variance with the findings of Wald and Clark. Believing 
it possible that the effect which they observed may occur under more ex- 
treme conditions of pre-adaptation than those we had used, we have ex- 
perimented with pre-exposure intensities and durations over the entire 
range within the limitations of our equipment. In none of these trials was 
the Wald-Clark effect observed. On the contrary, it was found that for 
equal degrees of light adaptation, as indicated by identical initial dark adap- 
tation thresholds, the course of dark adaptation is the same whether pre- 
exposure is for a brief period to a Ught of high intensity or a prolonged 
period to a light of lower intensity. This rule applies even beyond the 
range in which the Bunsen-Roscoe law holds. 

Two such e^riments are illustrated graphically in Fig. 8. To insurj 
physiological constancy, the long and the short exposure runs were made in 
succession. Three sets of measurements were obtained foUowing 
each species of pre-adaptation. It is observed (Fig. 8) that the quantities 
of pre-adapting Ught yielding identical dark adaptotion curves in these 
experiments were not equal, being about twice as great for the prolonged 
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eaposures as for the brief ei^sures. Considering the extreme range of the 
pre-adapting conditions, this is a surprisingly small departure from the 
Bunsen-Roscoe relation. 

In view of the evidence (Reeves, 1918; Stiles and Crawford, 1933) that 
the early portions of dark adaptation measurements are likely to be in- 
fluenced by dilatation of the natural pupil, it is possible that the differences 
between the present findings and those of Wald and Clark are attributable 
to the fact that in our experiments the pupillary diameter was held constant, 
while in theirs it was not. 



Fig. 8. Duiation versus intensity of light adaptation. Each point is a single observa 
tion. Subject E. M. H., violet test light. Subject R. C., white test light. Adapting 
intensities and durations, as indicated. 


SUMMARY 

An increase in the degree of light adaptation causes a decrease in the 
slope of the subsequent rod dark adaptation function and a displacement of 
the function to the right on the time axis. 

Over a wide range, these changes occur to the same extent whether the 
increase in the degree of light adaptation is produced by raising the in- 
tenuty or by prolonging the e:q)osure. Within these limits, the Bunsen- 
Roscoe reciprocity law applies to the intensity and duration of pre-e:q)osure. 

Over a still wider range, dark adaptation has the same course following 
brief exposure to a bright light as it has following prolonged exposure to a 
dim light, provided the degree of light adaptation is the same in both in- 
stances (as indicated by identical initial dark aikptation thresholds). 

The author was asasted by Eleanor Mancell Haig. 
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I 

INTRODUCTION 

It has been demonstrated that in the green leaf chlorophyll is combined 
with protein by true chemical linkage. The chlorophyll-protein compound 
of the spinach leaf is insoluble in water and buffer solutions, but can be 
dispersed by detergents yielding brilliantly clear solutions. In addition 
to clarifying these solutions, the detergents denature the protein and change 
the absorption spectrum and other properties (Smith, 1941 a, b). Observa- 
tions of the action of various detergents on the chlorophyll-protein com- 
pound have now been made using the ultracentrifuge. 

n 

Materials and Methods 

All of the observations were made with fresh extracts of spinach leaves obtained by 
grinding mechanically in a porcelain mortar with sand and buffer solutions. Most of 
the sand and debris were removed by squeezing through musljin, and the extract was 
then centrifuged in a cold room at 1800-2000 r.p.m. The extracts were used within j. 
or 2 days, and from the time of preparation until use were kept cold. 

For most of the work the preparation was not further purified. In one instance, an 
extract was concentrated by centrifuging at 8000 r.p.m. in an air-turbine concentration 
centrifuge. The supernatant fluid containing the soluble proteins of the leaf extract 
was discarded, and the green pellets nibbed up in 0.2 m Na 2 HP 04 . This preparation 
was used for three runs. 

Solutions of the detergents were added immediately before beginning the measure- 
ments. Four detergents were used: digitonin obtained as crystalline digitalin from 
Eimer and Amend, New York; sodium desoxycholatc obtained from Riedel de Haen, 

* A preliminary report of this work was presented to the American Physiological 
Society in March, 1940 (Smith, 1940). 

♦* John Simon Guggenheim Memorial Fellow (1938-1940). 
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New York; bile salts, a colorless crystalline preparation prqtared from commercial sodium 
glyoocholate in the Laboratory of Biophysics; and sodium dode(yl sulfate, a crystalline 
preparation obtained from Imperial Chemical Industries by Professor Keilin of the 
Molteno Institute, Cambridge, whom we wish to thank for a supply of this substance. 

The air-driven vacuum ultracentrifuge described by Bauer and Pickels (1937) was 
used in these studies. The solutions were observed with the optical absorption method 
of Svedberg, and simultaneously with an automatic refractive index system designed 
especially for the ultracentrifuge and utilizing a scanning system simiiar to that de- 
scribed by Longsworth (1939) for electrophoresis measurements. Sedimenting solu- 
tions were photographed aitemately with red and with violet light. For red light the 
Wratten “monochromat” filter No. 70 was used, and for the violet, a 1.5 mm. No. 511 
Coming filter together with a 3 mm. No. 038 Coming filter. A 100 watt projection lamp 
was the source. The runs were made at a speed of 46,800 r.p.ii. at temperatures 
near 25”C. 


m 

EXPESIMENTAl. 

Absorption measurements were carried out with both red and violet light 
in order to ascertain whether the carotenoid pigments sedimented differently 
from the chlorophyll. One difficulty that was encountered with all of the 
measurements was that the protein concentration could not be made very 
high. The relatively high concentration of chlorophyll present in the 
chloroplast complex, 7.9 per cent or 16 per cent in relation to the protein 
alone (Smith, 1941 a), together with the high extinction coefficient of the 
chlorophyll necessitated keeping the total concentration of protein low 
in order not to make excessively long exposures both for the absorption 
and refractive index readings. For this reason, the refractive index dia- 
grams usually showed only protein boimdaries of low concentration. 
Nevertheless, in order to obtain refractive index diagrams simultaneously, 
the pigment concentration had to be kept too high to give ideal conditions 
for absorption measurements. The sedimentation constants recorded were 
those obtained by the refractive index method. 

A few runs were made with untreated leaf extracts. It was found that 
the total pigment sedimented at very low speeds, 2500-3000 r.p.m., and 
showed a purely random spread of particle sizes. This confirms the fact 
*that the chlorophyU-protein complex of the spinach leaf is not in true solu- 
tion. However, Price and Wyckoff (1938) and Loring, Osborn, and Wyckoff 
(1938) have reported obtaining clear green solutions from various leaves 
which show sharp boundaries with high but variable sedimentation 
constants. 

1. Centriftigation of Detergents . — The experiments of McBain and his 
collaborators (McBain and Salmon, 1920) demonstrated that micelles are 



E. L. SUTTH AND E. G. EICKELS 755 

formed in aqueous solutions of electrolytes such as soaps and other parafiSn- 
chain salts. Sedimentation runs were therefore made with solutions of 
the four detergents used in these experiments. The results have already 
been reported elsewhere (Smith and Pickels, 1940). It was found that the 
non-electrolyte digitonin forms large micelles of homogeneous size in aqueous 
solution (Sjo = 5.9 X 10~“). With the other detergents, sodium desoxy- 
cholate, bile salts, and sodium dodecyl sulfate (SDS), no detectable quan- 
tities of large micelles were found. The refractive index curves were char- 
acteristic of low molecular weight substances, there being no boundaries 
but only a relative decrease of concentration in the upper part of the sedi- 
menting solution and some increase in the lower section. In the experiments 
with the leaf extracts, care was taken to distinguish between protein be- 
havior and effects caused by the detergents alone. 

2. Effect of Digitonin. — Chlorophyll-protein extracts in the presence 
of digitonin show a regularly sedimenting boimdary which is equivalent in 
red and violet light. By comparison with the refractive index diagrams 
it was found that these absorption boundaries are identical with the re- 
fractive index boimdary of the digitonin micelle. Thus, these boundaries 
are due not to the protein but to the digitonin micelle.^ The refractive 
index pictures also show an additional boimdary which is not represented 
in the absorption pictures; this boundary possesses an average sedimenta- 
tion constant of 13.5 X 10“‘* (Table I). 

These experiments show that the pigments are detached from the pro- 
tein, and are held in solution by the hydrophobic portion of the digitonin 
micelle. It does not seem likely that the chlorophyll remains attached to 
any very high molecular weight fragments since the sedimentation constant 
of the digitonin micelle is unaffected by the presence of the pigment. Yet 
the fact that no loss of pigment occurs on prolonged dalysls of a digitonin- 
treated solution (Smith, 1938) suggests that the pigment is still combined 
with particles too large to pass through a cellophane membrane. 

Sedimentation of a digitonin-treated solution after prolonged dialysis 
indicates that some recombination of pigment and protein occurred. Com- 
parison of absorption and refractive index diagrams shows that the pigment 
and protein sedimented together, but the material was quite inhomogene- 
ous. Nevertheless, the bulk of this material did sediment at somewhat 
higher rates than that found for the dissociated protein particles. The 
refractive index diagram gave no trace of the digitonin boundary. 

* A few preliminaiy runs using the light absorption method alone erroneously led us 
to attribute this boundary to the protein (Smith, 1938). These runs 'show the sedi- 
mentation 4 V'Ti«t«nt characteristic of the digitonin micelle. One experiment which 
showed a double boundary was apparently due to an artefact. 
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When digitonin solution was added to the dialyzed preparation, the 
pigment was again dissociated from the protein and gave a sharply sedi- 
menting boimdary together with the digitonin micelle. The protein bound- 
ary observed on the refractive index diagram gave a sedimentation constant 
in line with values previously obtained. Fig. 1 shows for comparison the 

TABLE I 

SedimetUaHon ExperitnetUs wUh the ChtorophyU-Protein Compound in Different Detergents 
Sedimentation constants were obtained from refractive-index boundaries. All runs were 
made at 46,800 r.p.h., equivalent to an average centrifugal force of 160,000 times gravity, at 
temperatures near 25^C. The optical thickness of the cell was 3 mm. Most of the solutions 
were buffered with 0.1 m sodium phosphate; the two alkaline ones, 8.8-8.9, contained 0.1 m borate, 
and the one at pH 4.85, 0.1 H acetate. The three runs made with an extract concentrated in 
the air-turbine concentration centrifuge are marked “concentrated preparation.” 


Detergent 

Concen- 

tration 

pH 


Remarks 


percent 




Digitonin 

2.5 

7.61 

12.8 



2.5 

S.80 

13.3 



2.5 

7.80 

13.4 

G>ncentrated preparation 


0.63 

7.87 

14.5 



2.5 

7.83 

13.7 

Digitonin added to solution 





after initial removal of digi- 




Average 13.5 

tonin by dialysis 

Sodium desoxycholate 

0.5 

7.59 

13.8 



0.25 

7.60 

13.8 


Bile salts 

3.0 

7.50 

13.5 

Concentrated preparation 

Sodium dodecyl sulfate 

0.25 

8.89 

2.53 

Prosthetic group is chloro- 





phyll, solution is green 


0.25 

4.85 

2.84 

Prosthetic group is phaeophy- 



1 


tin, solution is yellow 


0.25 

7.52 

2.32 

Solution initially green, at end 





of run some phaeophytin 




Average 2.56 

formation 


2.5 

7.76 

1.69 

Concentrated preparation 


absorption photographs obtained with a, the dialyzed preparation, and b, 
the same solution to which digitonin has been added. The data for these 
experiments are included in Table I. 

3. Effect of Sodium Desoxycholate and Bile Salts . — ^With these solutions 
the absorption photographs show no sedimenting boundaries whatsoever, 
indicating that the chlorophyll is dissociated from the protein. The re- 
fractive index photographs clearly show only one sedimenting boundary 
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similar to that found with digitonin and possessing the same sedimentation 
constant (values in Table I). Digitonin and these two detergents therefore 
act in the same way on the chlorophyll-protein compound, dissociating 
the pigments from the protein and breaking the material into particles 
of the same size. In the experiment with bile salts using a concentrated 


b 


Fig. 1. Sedimentation photographs of a, a dialyzed digitonin-treated extract, and 6, 
the same solution with digitonin again added. The dialyzed extract shows the in- 
homogeneous and comparatively rapid sedimentation of the pigment after removal of 
the digitonin. When digitonin was again added ecjuivalent to the initial concentration 
(2.5 per cent), a sharply defined boundary (6) was obtained which was coincident with 
that of the colorless digitonin micelle (^20 = 5.9 X 10“^®) oi^servt'.i ref rac tome trically. 
This coincidence is also shown in the first absorption pictures by the presence of a dark 
band; this band corresponds to the micelle boundary which has caused a deviation of 
light beyond the aperture of the camera lens. Both sets of photographs were taken 
with red light at 10 minute intervals. The solutions contained 0.1 m phosphate at 
pH 7.8. 

leaf extract, a large part of the protein sedimented irregularly and inhomo- 
geneously. These particles had a wide variation in size; some were smaller 
and some larger than the principal component. 

A single experiment with a concentrated urea solution as the solvent 
was performed using only the light absorption method. No sedimentation 
of the pigment occurred showing that in this solvent also, the chlorophyll 
was dissociated from the protein. 
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4. Effect of Sodium Dodecyl Sulfate- It has already been shown (Smith, 
1941 b) that sodiund dodecyl sulfate (SDS) alters the nature of the prosthetic 
group of the chlorophyll-protein compound. In weakly acid solutions, 
magnesium is rapidly eliminated from the chlorophyll, converting it to 
phaeophytin; in alkaline solutions this reaction takes place very slowly. 
It was therefore of considerable interest to study the effect of pH on the 
sedimentation constant. Three runs were carried out in 0.25 per cent SDS, 



Fig. 2. Absorption photographs taken alternately at 5 minute intervals with u, red, 
and hj violet, light, showing sedimentation of the chlorophyll-protein in 0.25 per cent 
sodium dodecyl sulfate at pH 8.9. No differences are detectable in the two regions 
of the spectrum. The common sedimenting boundary was coincident with the protein 
boundary (.V 20 = 2.6 X 10 detected by the refractive index method, showing attach- 
ment of the pigment to the protein. 

at pH 4.85 where phaeophytin formation is complete in a few minutes, at 
pH 7 .52 where the reaction requires many hours for half completion, and 
at pH 8.89 where only barely detectable changes take place in 24 hours. 
* The results demonstrate that at all three pH values, the prosthetic group 
remains attached to the protein component. Fig. 2 shows absorption 
photographs taken alternately in red and in violet light at pH 8.89. 4’he 
refractive index curves show only a single sedimenting boundary correspond- 
ing to the sedimentation of the pigment shown in the absorption pictures. 
The absorption photographs show that the single boundary is identical in 
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the two regions of the spectrum, and demonstrate that the carotenoid and 
chlorophyll pigments remain attached either to identical particles or to 
particles of the same size. The same sedimentation constant (Table I) 
was found at all three pH values; the average is 2.56 X 10“^*. It is apparent 
that the average size of the particles is not affected by the presence or 
absence of magnesium in the chlorophyll. The effect of SDS differs strik- 
ingly from the other detergents; not only does the prosthetic group remain 
attached to the protein, but the particles are split into apparently homo- 
geneous fragments of lower sedimentation constant and arc therefore of 
smaller size. 

A single run was carried out in the presence of 2.5 per cent SDS using 
a more concentrated preparation of the chloroplast material. In the 
presence of the ten times higher concentration of SDS, the prosthetic group 
still remained attached to the protein, but the protein was further reduced 
in size yielding an S 2 i\ value of 1.69 X A photograph of one of the 

refractive index curves is shown in Fig. 3. Since the photographs were 
taken with visible light (mercury line of 546 m/x) the boundary on the re- 
fractive index curve shows the absorption of the pigments to correspond 
exactly with the schlieren pattern. 

If it is assumed that the other physical characteristics of the particles 
and solvents are roughly the same for the two different concentrations of 
SDS, the approximate relationship between the size of the particles is as 
the ratio of the three-half powers of the sedimentation constants, or 
= Af 1 /M 2 . The ratio found was 0.54 using the average value uf 
2.56 for 5*2 and 1.69 for S\. The ratio suggests that at the higher SDS 
concentration, the particles are split into approximately half the size. A 
similar comparison between the sedimentation constant in digitonin (5 = 
13.5) and in 0.25 per cent SDS, gives a size ratio of 72 to 1 . 

When the areas under the boundaries of the refractive index curves were 
measured, it was found that the apparent concentration of the sedimenting 
material in SDS was higher than that found by spectrophotometric measure- 
ment. The concentration of the chlorophyll-protein compound was esti- 
mated spectrophotometrically by measuring the height of the main absorp- 
tion band in the red end of the spectrum. In the experiment with 2.5 
per cent SDS using the values previously determined (Smith, 1941 a) from 
the average chlorophyll content of 7.9 per cent, the concentration of the 
chloroplast material was 1.3 per cent; using the chlorophyll content of 
16 per cent in relation to the protein alone, the concentration was 0.63 
per cent. Assuming the usual refractive index value for 'proteins, the 
concentration of sedimenting material was 2.4 per cent. The appreciably 




I \ I L- 

Min. 0 5 10 
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Fig. 3. Refractive index gradient curve, obtained after 3 hours, of a chlorophyll- 
protein solution in 2.5 per cent sodium dodecyl sulfate at pH 7.8. The sedimentation 
constant was approximately 1.7 X 10”^® cm. /sec. /dyne. A very high concentration of 
chlorophyll-protein was used to increase the size of the index curve. Although green 
4ight was used, a 15 minute exposure was necessary; this caused a reduction in the 
photographic definition of the curve a. That protein and pigment sedimented together 
is evident from the coincidence of the absorption and index boundaries a. The dotted 
baseline in b is the index curve for 2.5 per cent SDS alone. Curve c represents the 
difference between the dotted and smooth curves of 6. Measurement of its area shows 
too high a concentration to be explained by the protein alone, indicating possible associa- 
tion with SDS. The unsymmetrical shape of the difference curve c is to be expected for 
very low sedimentation rates. 
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higher concentration of sedimenting material suggests that a considerable 
amount of SDS was sedimenting together with the protein, giving the effect 
of an increase in concentration of protein. Yet it is difficult to assess what 
effect this had on the apparent sedimentation constant. K it tends to 
increase the size of the sedimenting particles, the true size of the particles 
in 2.5 per cent SDS would be even smaller than half that in 0.25 per cent 
solution. 

In one experiment with digitonin as the detergent and the same protein 
solution, the concentration of protein from the area of the refractive index 
curve was 0.7 per cent as compared with 1.3 and 0.63 per cent as estimated 
spectrophotometrically. Here there does not seem to be any appreciable 
quantity of detergent influencing the concentration of sedimenting material. 
This is to be expected since the total digitonin sediments as apparently 
homogeneous micelles. 


IV 

DISCUSSION 

It has been known for some time that proteins can be split by various 
substances into fragments of lower molecular weight. The studies of 
Svedberg and his collaborators (Svedberg, 1937) have shown that acid or 
alkaline solutions cause the splitting of many proteins into particles smaller 
than those found over the range of pH near neutrality. Various proteins 
have been shown to be split by urea (Burk and Greenberg, 1930; Burk, 1937). 
Steinhardt (1938) has observed that while horse hemoglobin is split by 
concentrated urea solutions into halves, the absorption spectrum and oxygen 
binding capacity are not changed. The action of urea in splitting proteins 
is not unique and there are undoubtedly numerous reagents which will 
split proteins but these have been studied little as yet. Sieenivasaya and 
Pirie (1938) found that the tobacco mosaic virus is inactivated by SDS with 
the separation of nucleic acid and splitting of the protein into fragments. 
However, these investigators did not study the size of the split particles. 

The action of the detergents studied in the present investigation shows 
that different reagents produce quite different effects on the same protein. 
SDS is unique among those studied since it is capable of converting chloro- 
phyll into phaeophytin in neutral solutions, and it does not detach the pros- 
thetic group from the protein. The other detergents attack different link- 
ages since the chlorophyll is liberated or remains combined with only small 
fragments of the protein which are not sedimentable at the gravitational 
forces used. The latter possibility seems the more probable sfnee pigment 
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is not lost on dialysis showing that the particles are still too large to pass 
through an ordinary cellophane membrane. 

Not only do the various splitting agents produce different effects on the 
same protein but their action is likely to be different on other proteins. 
Urea, for example, does not affect the molecular weight or catalytic activity 
of pepsin (Steinhardt). With visual purple, a conjugated carotenoid- 
protein (Wald, 1935), the bleaching properties of the pigment are not af- 
fected by digitonin, bile salts, or sodium desoxycholate. However, after 
bleaching by light, regeneration in vitro takes place in the presence of the 
first two detergents but not in solutions of sodium desoxycholate (Chase 
and Smith, 1939). Moreover, dilute solutions of SDS instantaneously 
bleach visual purple in the dark.* It is clear that no rule can be laid down 
for the probable action of these detergents. 

True molecular weight values for the chlorophyll-protein compound of 
spinach cannot be assessed as yet. The observations of Price and Wyckoff, 
and Loring, Osborn, and Wyckoff on the leaves of other plants suggest 
very high molecular weights of the same magnitude as those of the various 
hemocyanins. Since the protein of the spinach leaf is insoluble, no com- 
parison is possible. The particle sizes formd in the various detergents do 
suggest certaiq units which may be of importance. The sedimentation 
constant of 13.5 X 10~** found in three detergents is equivalent to a molecu- 
lar weight of at least 265,000. This molecular weight value is of the ap- 
proximate order of magnitude previously found for many plant proteins 
such as phycocyanin, phycoerythrin, and many seed globulins (Svedberg, 
1937). For the spinach leaf, 265,000 represents the minimum size of the 
protein in native form. 

In all of the ejq)eriments, a careful examination was made for evidence 
of differential behavior of the various chloroplast pigments. No differ- 
ences were foimd for chlorophylls a and b, and the carotenoids always 
followed the chlorophylls. This shows a strong association of all these 
pigments, and suggests that the carotenoids as well as the chlorophylls 
are chemically botmd to the chloroplast protein. 

STTMMARY 

1. The chlorophyll-protein compound of the spinach leaf has been studied 
in the air-driven ultracentrifuge using the Svedberg light-absorption method, 
and a direct-reading refractive index method. 

2. When the untreated extracts are centrifuged at low speeds, the green 


* Unpublished observations by one of us (Smith, 1939). 
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protdn sediments with a purely random spread of particle sizes confirming 
the fact that the protein is not in true solution. 

3. In the presence of digitonin, bile salts, and sodium desoi^cholate, the 
extracts are clarified. These detergents split the chlorophyll from the 
protein and the protein itself shows a sedimentation constant of 13.5 X 10“** 
equivalent to a molecular weight of at least 265,000 as calculated from 
Stokes’ law. This probably represents the minimum size of the protein 
in native form. 

4. Sodium dodecyl sulfate, a detergent which also clarifies the leaf ex- 
tracts, shows a different behavior. The prosthetic group remains attached 
to the protein but the protein is split into smaller units. In 0.25 per 
cent SDS, Sm is 2.6 X 10“** over a pH range of 5 to 9, although at the 
acid pH chlorophyll is converted to phaeophytin. In 2.5 per cent SDS, •Sao 
is 1.7 X 10“^^ suggesting a further splitting of the protein. 

5. No differences in behavior were found for the various chloroplast 
pigments. 
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The production of auxin by yeast cells resembles the formation observed 
in other organisms such as Rhizopus and Rhizobium (Thimann, 1939)^ 
which “release’’ auxins into their culture medium. Thus, we have found 
far more auxin in the growth medium of yeast than Kogl and Kostermans* 
extracted from the cells. The amounts of auxin in the growth medium 
were found to vary considerably with the age of the culture, the rate of 
growth of the cells, and both the initial and final composition of the growth 
medium. 


n 

A pure strain of bakers* yeast, Saccharomyces cerevisiae, was grown under pure culture 
conditions in several modifications of Williams’ medium.^ The basic medium consisted 
of potassium dihydrogen phosphate 2.0 gm./l., ammonium sulfate 3.0 gm./l., magnesium 
sulfate 0.25 gm./l., calcium chloride 0.25 gm./l., asparagine 1.5 gm./l., and sucrose 
20 gm./l. This medium was supplemented with the following initial concentrations of 
Bacto-peptone: 0, 0.01, 0.1, 1.0, 10 per cent. Samples were withdrawn at various 
intervals after seeding. On each of these, cell counts and auxin tests were made. Since 
approximately as much auxin was obtained by mixing the centrifuged but unextracted 
medium directly with agar as by extracting the centrifuged or non-centrifuged suspen- 
sion with chloroform,^ the former method was consistently used. The temperature was 
25®C.; aerobic conditions were maintained in the culture towers by bubbling moistened, 
sterile air through the suspension. 

The total auxin in the centrifuged media is plotted in Fig. 1 as a function 
of the age of the culture. The growth of the culture in 0.1 per cent peptone 
(dashed line) is also given. These two curves show a complete inverse 
relation between the auxin concentration and the rate of cell multiplication 
in the 0.1 per cent peptone medium throughout the experiment. This 
medium gave the highest auxin yield, namely, 450 auxin units per ml. at 

1 Thimann, K. V., Tr. 3rd Commission Internal. Soc. Soil Sc., 1939, vol. A, 24. 

* Kogl, F., and Kostermans, D. G. F. R., Z. physiol. Chem., 1934, 228, 113. 

* Williams, R. J., Biol. Chem., 1920, 42, 259. • 

^Robinson, T. W., and Woodside, G. L., /. CeU. and Comp. Physiol., 1937, 9, 241. 
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225 hours after inoculation. At this time the 0.01 per cent peptone me- 
dium gave 113 units per ml., the 0 per cent peptone medium gave 35 units 
per ml., and the 1 and 10 per cent media gave only 6 units per ml. The 
auxin concentration was still rising in all me^a at 225 hours. 



AGE IN HOURS 

Fig. 1. The total auxin in centrifuged media from towers containing different amounts 
of Bacto-peptone is plotted as a function of the age of the culture at the time when a 
sample of the suspension was removed. The dashed line is the growth curve of the 
culture in 0.1 per cent peptone and can be compared with the total auxin yield from the 
same medium. 

The greatest rale of auxin production (calculated as auxin units per cell 
per hour) was obtained in all media between 55 to 85 hours after inocula- 
tion. On the basis of 1 ml. of cell-free medium the rates were as follows: 
0 per cent peptone, 890 X 10^ auxin units per cell per hour; 0.01 per cent 
peptone, 790 X 10^; 0.1 per cent peptone, 190 X 10~*; and the 1 and 10 
per cent peptone less than 0.5 X 10~*. In all these media during any 
given interval there was an inverse relation between the rate of auxin yield 
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and the rate of ceU multipUcation. With increasing peptone concentra- 
tio^, the rate of cell multiplication increased, whereas the rate of auxin 
^eld deawsed. Note that the greatest rate of auxin iwoduction occurred 
mtte basic medium free of peptone where there was practically no growth. 
Whether observed in different cultures during the same interval or in one 
culture at different intervals, the auxin yield seemed to be inversely corre- 
lated with cell multiplication. 

In a second series of experiments, concentrations of 0.05, 0.1, 0.2, 0.5 
per cent Bacto-peptone and 0.1 per cent Witte-peptone were tested. There 



Fig. 2. Total auxin yield is plotted against pH of the same sample of centrifuged 
medium in which the auxin yield was tested. The relation after 80 hours and also after 
225 hours of growth in the various peptone media are plotted. > 


was a low auxin 3 deld in the 0.5 and 0.2 per cent Bacto-peptone media (3 and 
10 units/ml.), a higher yield as before in the 0.1 per cent (90 units/ml.), 
a still higher yield in the 0.05 per cent (120 units/ml.). As in the first 
Bacto-peptone series, the rate of growth increased with the peptone con- 
centration, while the auxin yield decreased. Much more auxin was ob- 
tained from the 0.1 per cent Witte-peptone medium than from the faster 
growing 0.1 per cent Bacto-peptone culture. 

A correlation, apparent during most of the growth period between the 
total auxin yield and the pH of the centrifuged medium is shown in Fig. 2 
for samples removed at 80 and 225 hours. Probably this correlation is not 
due to the hydrolysis in an acid medium of an inactive salt of auxin, since. 
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according to Dolk and Thimann,® heteroauxin, which appears to be active 
only in the undissociated acid form, is 50 per cent dissociated at a pH of 
4.75. Had the auxin present in the medium behaved like heteroauxin, 
then 50 per cent of the active form, as determined by the coleoptile test, 
should have been obtained at a pH of 4.75. Yet even when the pH had 
decreased to 3.75, we obtained only 10 per cent of the total yield. The pH 
may be an important controlling factor in auxin production, however, for 
the production in our experiments occurred mainly below a pH of 4.5 and 
increased with higher hydrogen ion concentrations. In fact, if the total 
auxin 3 deld at 225 hours is plotted not against pH but against the hydrogen 
ion concentration, a straight line with a slope of 2.8 X 10® is obtained. 

In testing the effect of sugar on the yield of auxin, towers were prepared 
with 0.1, 1.0, 2.0, 10.0, and 20.0 per cent sucrose. All contained 0.1 per 
cent Bacto-peptone and the usual basic Williams’ medium. The results 
indicated that the auxin yield at any given time was proportional to the 
original concentration of sucrose in the various towers. Over 1000 auxin 
units per ml. of centrifuged medium were obtained from the 10 per cent 
sucrose medium. This is more than is normally found in manunalian*' ’’ 
urine, one of the richest known sources to date. 

m 

Of special interest in these investigations is the apparent effect of the 
auxin in the various peptone media on the size and shape of the yeast cells. 
In the media containing 0.2 per cent or more peptone and consequently 
having very low auxin concentrations, the cells were of normal size and 
shape (small and slightly elliptical); whereas, in the other media having 
high auxin concentrations the cells were large and sometimes elongated 
many times their normal diameter. This enlarged and elongate condition 
was only associated with those media containing considerable amounts of 
auxin and an initial concentration of 0.1 per cent or less Bacto-peptone. 
Somewhat similar modiffcations were found by Wyckoff and Luyet® and 
Oster® in plate cultures of yeast which had been irradiated with ultraviolet 
light; by Zahl, Roller, and Haskins®® in Aspergillus spores similarly treated 

® Dolk, H. £., and Thimann, K. V., Proc. Nat. Acad. Sc., 1932, 18, 30. 

* Kogl, F., and Haagen Smit, A. J., Proc. K. Akad. Wetemch. Amsterdam, 1931, 34 , 
1411. 

® Kdgl, F., Haagen Smit, A. J., and Erxleben, H., Z. physud. Chem., 1933, 214 , 
241. 

» Wyckoff, R. W. G., and Luyet, B. J., Radiology, 1931, 17, 1171. 

» Oster, R. H., /. Gen. Physiol., 1934-35, 18, 251. 

P. A., Roller, L. R., and Haskins, C. P., J. Gen. Physiol., 1938- 39, 88, 689. 
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with ultraviolet radiation, and by Richards*' in liquid cultures of yeast 
incubated at 30^*0. Whether the formation of these elongate giant cells 
is dependent upon the presence of a high concentration of auxin will be 
investigated presently. 

IV 

Recent work of Skoog and Thimann (1940)** on the liberation of auxin 
from plant tissues during extraction gives us a working hypothesis for future 
investigations. Their evidence indicates that the bulk of the auxin in cells 
is “bound to a protein.” It seems reasonable, therefore, that certain growth 
conditions might favor the breakage of the link between auxin and its pro- 
tein carrier and thus accelerate its “rate of formation,” or better its rate of 
“excretion” into the medium. The excellent positive correlation obtained 
between pH concentration in the various media and the yield of auxin 
(see p. 768) illustrates the operation of this mechanism. These various 
findings now make it possible to separate clearly the two fundamental prob- 
lems involved in studying auxin formation in cultures of microorganisms, 
namely, factors involved in its intracellular sjmthesis and factors involved 
in releasing the intracellular store of bound auxin. 

SUNHARY 

We have found far more auxin in the culture media of bakers’ yeast than 
was obtained by K6gl and Kostermans from the cells themselves. The 
production of auxin by yeast cells resembles the formation observed in other 
organisms such as RMzopus and RMzoUum which also form auxins in their 
cultiure media. 

The auxin )deld was found to increase with the concentration of sucrose 
and to decrease with the concentration of peptone. An inverse relation 
with the rate of cell multiplication was observed. Enlarged and elongated 
cells appeared only in those media which contained considerable amounts 
of auxin. 

The total auxin yield in the various cultures was found to be directly 
proportional, below pH 5, to the hydrogen ion concentration. Thus, it 
was proposed that certain growth conditions favor the breakage of the link 
between auxin and its protein carrier (Skoog and Thimann, 1940) and 
consequently accelerate the rate of excretion of auxin into the gibwth 
medium. 

** Richards, O. W., J. Physic. Chem., 1928, 32, 1865. 

** Skoog, F., and Thimann, K. V., Am. J. Bot., supplement, 1940, 27, l9. 
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INTRODUCTION 

Measurements of the transverse alternating current impedance of the 
squid giant axon have given a membrane capacity of about 1 micro- 
farad/cm.* (Curtis and Cole, 1938) and from longitudinal measiuements of 
the direct current resistance of this axon, a membrane resistance of about 
one thousand ohms cm.* has been found (Cole and Hodgkin, 1939). From 
these values the resistance and reactance components, R, and X,, of the 
membrane impedance may be calculated at various frequencies, and R, 
and X„ taken as abscissae and ordinates respectively, give the impedance 
locus of the membrane. This locus will be a circular arc (Cole, 1928, 1932) 
and, when the dielectric loss of the membrane is ignored, the locus will be 
the semi-circle of Fig. la. For this simplified membrane the longitudinal 
impedance of the axon, as measured between two electrodes some distance 
apart along the length of the axon, may now be calculated by cable theory 
as shown below. In this manner a locus of the form shown in Fig. 1 i is 
predicted by equation (6) for the longitudinal impedance of a single axon 
having the membrane impedance locus of Fig. la. , 

Longitudinal impedance data over a wide frequency range were first 
on the squid giant axon in connection with the direct current resist- 
ance e 3 q)eriments (Cole and Hodgkin, 1939) because high frequency 
measurements, in which the membrane impedance would be negligible, were 
needed to support the theory used to calculate the membrane resistance. 
A few sets of measurements over the complete frequency range were made 
pr ima rily to determine the lowest frequency allowable for this purpose and 
incidentally to obtain data for comparison with the predicted theoretical 
impedance locus shown in Fig. 16. At frequencies above S(K) cycles, the 
equivalent parallel capacity and resistance of the axons varied with fre- 
quency in approximately the predicted manner. At frequencies telow 200 
cycles, the resistance for one of the axons decreased below a maximum value 
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at about 200 cycles and for another axon the capacity actually went through 
zero. At 50 cycles a capacity of 0.01 juf had to be added to the unknown 
arm of the Wheatstone bridge to obtain a balance for this axon, as there 
was no provision in this equipment for measuring a net inductive reactance. 
All probable sources of error were found to be unimportant, and the com- 
pletely unexpected presence of an inductance in the axon was apparently 
demonstrated. This inductance seemed to be associated with the mem- 
brane because the inductive reactance first decreased as the axon 
deteriorated and then was replaced by a capacitative reactance at all 
frequencies. 

Further measurements were not possible at that time and the observa- 
tions obviously needed to be confirmed and extended. All possible factors 




Fig. 1. Theoretical impedance loci, series resistance, R, vs. series reactance, X, 

(а) Locus for a membrane having a leakage resistance in parallel with a loss-free capacity. 

(б) Longitudinal locus, as given by equation (6), for an axon with membrane properties 
shown in (a). Frequencies are indicated in terms of the characteristic frequency of the 
membrane. 

outside of the axon, from the apparatus to the oil which surrounded the 
interpolar stretch of the axon, should be eliminated. Then direct evidence 
should be obtained to localize the inductive structure in the connective 
tissue, the membrane, or the axoplasm. And finally, as much information 
as possible should be obtained about this structure and if, as suspected, 
the membrane was responsible, the relation of the inductance to the capacity 
and conductance should be determined. This program was undertaken 
in the summers of 1939 and 1940, and, although it is not satisfactorily 
completed, the results themselves are certainly indicative and when con- 
sidered with those of other types of measurements seem quite conclu^ve. 

Material and Apparatus 

Young’s giant axon preparation (Young, 1936) from the Atlantic squid, Loligo pealii, 
was used throughout. The dissection of ^e hindmost stellar nerve and the teasing of 
the axon from this nerve have been described (Cole and Curtis, 1939). In the effort to 
reduce the variability of the results extreme care was taken in the dissection and 
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particulai attention was paid to the ehmination ol body flcdds and to the locating and 
cutting of the axon branches. 

The electrode system was essentially the same as previously used (Cole and HodgkiUi 
1939) but with several modifications as shown in Fig. 2. One end of the axon was pulled 



Fig. 2. Longitudinal impedance cell for the squid giant axon. The impedance is 
measured between the platinized platinum electrodes, E, E, in the sea water surrounding 
the upper and lower ends of the axon. The vertical position of the axon is varied by the 
stopcock windlass, W, The interpolar region is in oil and its length is varied by admit- 
ting or removing sea water at the lower end of the cell. 

up through a small hole in the bottom of a tube filled with sea water and the other end 
hung through a layer of oil and into sea water in another vessel. Large platinb,ed 
platinum electrodes made contact with the sea water at each end of the axon. The 
areas of the electrodes and the high resistance of the preparation made the effect of 
electrode polarization so small that corrections for it were unnecessary ev^^n at 30 cycles. 
By transferring sea water between the lower vessel and a calibrated burette the interpolar 
distance was easily varied and accurately measured. The entire axon could be moved 
up or down in the electrode system by a stopcock windlass which was hooked to the 
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ligature on the upper end of the axon. A slight tension was kept on th^ axon by a small 
platinum weight attached to the lower ligature. 

The alternating current Wheatstone bridge and the accessory equipment have been 
described (Cole and Curtis, 1937), and measurements were made at frequencies from 30 
cycles to 200 kc. The measuring potential applied to the axon was as small as possible 
and the bridge balance was independent of it except when the effect of potential was 
being investigated. The inductive reactances were measured as in the earlier experi- 
ments by connecting a sufficiently large known capacity (0.01 or 0.02 id) in parallel with 
the unknown, or axon, arm of the bridge to give it a net capadtative reactance which 
could be balanced as usual. The axon reactance was then specified in terms of the 
^^negative” parallel capadty. 



Fig. 3. Longitudinal impedance locus, series resistance, Rb, vs, series reactance, 
for squid giant axon. Negative, or capadtative, reactances are plotted above the 
resistance axis. Frequendes indicated are in kilocydes. 

The series resistance and reactance, R, and at each frequency were calculated from 
the observed parallel resistance and capadty (positive or “negative”) and plotted as the 
impedance locus (Cole, 1928, 1932). 

Measurements and Interpretations 

The longitudinal impedance locus of Fig. 3 shows the same phenomena 
as were observed in the summer of 1938. The behavior at high frequencies 
was anticipated but the dip below the resistance axis at low frequencies 
is the imexpected inductive reactance. Although the first axon in the 
present series of experiments showed these characteristics, it was soon 
apparent that there was a considerable variability to be contended with. 
Some axons would show a negative capacity (i.e. positive, or inductive, 
reactance) at frequendes below 2(X) cycles over their entire length and for 
all interpolar distances. Other axons would have a low frequency reactance 
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which was positive for one interpolar distance and negative, or capadtative, 
for another. Occasionally the change from one to the other took place 
when the distance was varied as little as a millimeter. More often this 
reactance would change from positive to negative during the course of an 
experiment and there were a few cases in which a positive reactance was not 
foimd at any time, in any portion. An example of an axon without net 
inductive reactance is shown in Fig. 4o, and it is found that the low fre- 
quenQT portion still indicates the presence of an inductance. 

The most obvious variable was that of physiolo^cal condition. There 
were some variations in the subthreshold phenomena but these could not 
be clearly correlated with the reactance measurements. These axons were 



Fig. 4. (a) Longitudinal impedance locus, series resistance, R„ vs. series reactance, 
Xt, for a squid giant axon without net inductive reactance. (&) Membrane impedance 
locus, calculated from data shown in (a) by equation (6). Frequencies indicated are in 
kilocycles. 

all excitable- at reasonable thresholds and propagated apparently normal 
action potentials over their entire lengths and the survi^jal was fair. There 
was a trend to indicate that the inductive reactance diminished and dis- 
appeared as the condition of the axon became poorer. This, however, 
as a generalization when several of the best axons gave capacitative 
reactances throughout their entire length immediately after removal from 
the nnimaL These axons, however, become inductive in the course of an 
hour or so. 

This eiqieriment was obviously so sensitive to some uncontrolled factor 
or factors that it was essential to eliminate as many uncertainties as possible. 
The impedance was always independent of the measuring current when 
this was sufficiently small, but if action potentials and harmonics generate 
by the non-linearity of the membrane resistance were suppressed or ignored 
flT> inductive reactance might apparently become capacitative when the 
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measuring current was increased. For a number of ei^riments, the 
mineral oil was not used and the interpolar stretch was in air. The in- 
ductive reactances were of about the same magnitude and as irregular as 
before, but the survival time of the axons was considerably shortened. 
Aeration of the oil had little or no effect and fresh sea water did not seem to 
be essential. Axons with considerable connective tissue gave results com- 
parable to those which were carefully teased. A wide variety of wood, 
thread, and other “artificial” axons all failed to give an inductive reactance. 
At one time it was thought that the shape of the upper meniscus was a 
factor, but the effect of changes of the size of the orifice and the form of the 
meniscus was finally shown to be negligible as long as the position of the 
meniscus on the axon was unchanged. 

As the search for constant conditions progressed, it became more and 
more certain that variability and the inductive reactance both lay in the 
axon and this was supported by the one completely reproducible observa- 
tion that an inexcitable axon never gave a net inductive reactance at any 
frequency. Then considerable progress was made by killing one end of the 
axon with alcohol. With the variability of one electrode region eliminated, 
it was possible to show that the irregularities of impedance were probably 
caused by local differences in the axon which had only a slight effect on 
the subthreshold response, the threshold, or the action potential. 

Out of the seventy-four axons investigated, the characteristics of sixty-six 
may be roughly classified. In nine of these, no negative capacity was 
found in any part of the axon at any time. Twenty-five axons showed part 
negative and part positive capacities at low frequencies and in many cases 
the latter was correlated with a visible injury, while in four cases it was 
apparently an initial condition. The remaining thirty-two showed nega- 
tive capacities over their entire length when this was investigated. It is 
now felt that the initial completely capacitative reactance is the most nearly 
normal condition and that this is followed by the relatively stable stage in 
which the low frequency reactance was inductive. Subsequently this net 
inductive reactance disappeared and the axon became inexcitable. 

When the initial capacitative phase was foimd, its duration was too short 
and the impedance was too variable for satisfactory impedance measure- 
ments to be made over a wide frequency range. As a consequence there is 
practically no information available about the axon in this condition. At 
the stage where the low frequency reactance was inductive, the axon 
impedance would often remain quite constant for several hours and fre- 
quency runs could be made. The behavior of the axon shown in Fig. 3 
has all the typical characteristics of this stage and does not present any of 
the extremes encoimtered. 
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LocalizcUion of Inductive Structure 

The next step was to locate the structures responsible for the inductance. 
As the interpolar distance is increased, the two electrode regions become 
practically independent and there is then no current flow across the mem- 
brane in the central portion of the interpolar region. If the inductance 
and capacity are both located in the membrane there should be no change 
in their contribution to the impedance as the interpolar distance is increased 
beyond five or six times the characteristic length as shown by equation (3). 
There is, however, current flow along the connective tissue and sea water 
outside, and through the axoplasm inside the membrane in this central 
region. If the inductance is located in either of these its contribution 
would depend upon the electrode separation even when this is large. This 
obvious and crucial experiment proved to be quite difficult to carry out 
because it required that the axon be uniform throughout its length and that 
this uniformity be maintained until the measurements were completed. It 
would be necessary to make a series of frequency runs with the same inter- 
polar distance in a number of regions along the length of the axon, to prove 
the uniformity, before similar frequency runs could be made with var)H[ng 
interpolar distance. As has been indicated, sufficiently uniform fibers 
were not easy to obtain, and it was soon found that bridge measurements 
over a wide frequency range were too slow for the completion of tlus 
program. Fmthermore, the capacity sensitivity of the bridge at the 
lowest frequencies was inadequate for the high resistances encountered at 
long interpolar distances, and impedance loci at four interpolar distances on 
each of eight axons did not demonstrate any consistent behavior at long 
interpolar distances. Since the resistance and reactance at 50 cycles were 
the most critical single measurements, attention was t^en centered on them. 
The variation of the resistance with interpolar distance was quite regular, 
and although the reactance was often erratic it tended to decrease with 
distance as often as to increase. On the other hand, for the four axons 
which gave smooth reactance curves the reactance was independent of 
distance at sufficiently large electrode separations. The data for the best 
of these axons are shown in Fig. 5. This may of course be fortuitous, but 
if the inductance was in the connective tissue or the axoplasm, the mem- 
brane capacity would have had to be larger at the longer interpolar 
Since the membrane capacity at higher frequencies was rela- 
tively independent of physiological condition and the present measurements, 
as a whole, indicate no trend, this combination of circumstances seems 
rather unlikely. 

It is found on page 782 that at high frequency the longitudinal current 




* Fig. 6. Membtane impedance locus, calculated from longitudinal impedance data on 
axon of Fig. 3 by equation (6). Negative, or capacitative, reactances are plotted above 
the resistance axis. Frequencies indicated are in kilocycles. 


would be carried by the axoplasm alone if the connective tissue were in- 
ductive, and by the connective tissue alone if the axoplasm were inductive. 
This has not been found, as is illustrated by Fig. 2d (Cole and Hodgkin, 
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1939) where the current is divided between the axoplasm and the connective 
tissue m the same ratio at high frequencies as it is with direct current for 

ong interpolar distances, shown by the dotted Unes of Fig. 3 in the above 
paper. 


Co^quently the ^rimental data lead us to assume that^he axoplasm 
Md the connective tissue are not responsible for the inductance and that 
It is a characteristic of the membrane. 


Mepibfane Impedance and Equivalent Circuit 

When the axoplasm and the connective tissue sheath are pure non- 
reactive resistances, it is found, equation (6), that the membrane impedance 
IS easily calculated from the measured longitudinal impedance by squaring 
the frequency dependent part of the latter. In this way, the membrane 



Fig. 7. An approximate equivalent membrane circuit for the 
squid giant axon, consisting of capacity C, resbtance R, and 
inductance L. 


impedances for the data of Figs. 3 and 4 a have been determined and the 
loci are given in Figs. 6 and 46 respectively. 

The impedance characteristics of the membrane are most simply discussed 
in terms of an equivalent circuit. There are, in general, many possible 
circuits which can represent a particular set of data (cf. Cole 1928, 1937) 
and the choice of any one should be justified by a theoretical analysis of the 
structure. At the present time there is not sufficient experimental evidence 
of the membrane structure to provide the basis for a theory which woula 
uniquely determine a circuit. Consequently the choice will be dictated by 
utility, convenience, and personal prejudice, and for these reasons the circuit 
of Fig. 7 is proposed. This equivalent circuit can be seen to have im- 
pedances at least approximately those of the axon membranes by a com- 
parison of the theoretical impedance loci for various values of C/L, shown 
in Fig. 8, with the membrane loci of Figs. 46 and 6. 

Considering first the membrane impedance in Fig. 6, we see that it is not 
purely capacitative at high frequency because the locus does not approach 
the resistance axis at an angle of 90®. The approach at an angle ^ < 90“ is, 
however, to be eiq)ected on the basis of an element in the membrane having 
a dielectric loss and an impedance Zt — z(Jti)) as has been found in a number 
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of biological materials. This particular value of 0 = 75* is dose to the 
average of all the axons for which complete frequency data are available 
and is in good agreement with the values previously obtained (Curtis and 
Cole, 1938; Cole and Curtis, 1939). Then by considering the high fre- 
quency data alone and ignoring the inductance, a time constant of the 
membrane, t = r 4 / 1 s* |ci» = 1/| f |^, can be calculated without a knowledge 



Fig. 8. Theoretical impedance loci, series resistance, R,, vs. series reactance, X„ for 
drcuits of form shown in Fig. 7. The resistance R is constant throughout and the value 
of the damping factor, tj - 12 y/C/L, is given for each locus. 

of the absolute value of either f 4 or Zm and we find this to be about 0.4 msec. 
If the membrane capacity is 1 nf/crc?. the corresponding membrane re- 
sistance is 400 ohm cm‘., which is a reasonable value. 

The resonant frequency of the membrane at which its series reactance, 
X», is zero, is about 250 cycles in the axon of Figs. 3 and 6, and other axons 
gave between 150 cycles to 320 cycles for this frequency. The imdamped 
natural frequency of the capacity-inductance combination may now be 
calculated by equations (11 and 12). For the axon of Figs. 3 and 6, the 
damping factor if = 0.72 and vo = 360 cycles, and for the other nine axons 
for which the complete frequency data are satisfactory, these undamped 
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n&tural fret^jucncics lie between 260 cycles and 3S0 cycles with an average 
value of 330 cycles. Taking a value of 1.1 nf/cm^. for the membrane 
capacity, this leads to a value for the membrane inductance of 0.21 henry 
cm*. 

It is possible to go still further with the calculations and obtain a value 
for the membrane resistance, u, by equation (12). For the axon of Figs. 

3 and 6 the membrane resistance is 290 ohm cm*., while the other axons 
gave resistances itom as?. VM3 tJm CSS? . «Sl d 

350 ohm cm*. These values agree moderately well with those obtained 
from the high frequencies (p. 780), are definitely lower than the resistances 
of 400 ohm cm*, to 1100 ohm cm*, obtained from direct current measure- 
ments (Cole and Hodgkin, 1939), and are higher than the 14 ohm cm*, 
to 40 ohm cm*, obtmned from the membrane potential during current flow 
(Cole and Curtis, 1941). 


Theory 

Necessity of an Inductance 

It seems obvious that if the reactance of any circuit in general, and the 
axon in particular, is inductive, there must be an inductance in that circuit. 
There are, however, phenomena characteristic of inductive circuits, such 
as “over-shoot” and oscillation, which may also be produced in circuits 
having only resistance and capacity, and no inductance. The interpreta- 
tion and application of the present results will then be considerably simpli- 
fied if it can be determined whether or not an inductance is necessary. The 
i p^ppf^anrl» ^ z, of a particular combination of lumped or distributed resist- 
ances, inductances, and capacities between two terminals can be calculated 
by ordinary methods, but at present we cannot assume n specific structure 
and must use a general analysis. We shall define first a resistance, r, as 
anything having a potential difference which is proportional, at every 
instant, to the current flowing through it, e = ri. Similarly for an in- 
ductance, the potential difference is proportional to the rate of change of 

j • 

current, e = I — and for a capacity the potential difference is proportional 
dt 

to the charge, e = - j idt. It then follows that energy is disapated as heat 

in a resistance, but is stored in an inductance as kinetic energy and in a 
capacity as potential energy. These energies will vary as the current and 
potential difference are chmged, but for alternating current, ayerage values 
may be used conveniently. When an alternating current, /, flows between 
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the terminals of a known circuit, the average rate of energy disupation in 
all the resistances, P, the average kinetic energy in all the inductances, T, 
and the average potential energy in all the capacities, U, can be calculated. 
It is not immediately obvious that there should be a connection between 
these quantities and the impedance, but a relation has been given by Bode 
(1935) which may be rewritten, 

2-it.+yx. -2[F+i»(r-E01//* (1) 

where u — It times the frequency and j = This equation is 

particularly useful because it applies to any two terminal circuits and 
because the quantities F, T, U are either positive or zero. If then X, is 
positive, T — U and, consequently, T must be greater than zero. Since 
this is a kinetic energy which is associated only with inductance, it follows 
that an inductance is necessary. On the other hand if T is zero, X, must 
be negative or else zero, but it will be noticed that there may still be an 
inductance, giving T positive, although X, is negative. 


Location of the Inductance 

Since inductance is now necessary, it must be allowed for in the calcula- 
tion of the longitudinal impedance. 

We shall consider the axoplasm and connective tissue to have impedances 
zi and Zs per unit length of axon, which are perhaps of the form s = r -t* j(d, 
with a membrane impedance z„ per unit length, and obtain (Cole and Curtis, 
1936, equation 1; Cole and Hodgkin, 1939, equation 1) for infinite electrodes 


z 


«i»» ^ ^ 

^ + *• (fi + (*1 + »«)/»• + coth */2x] 


( 2 ) 


where s is the electrode separation and X » y/zml{z\ + sO- If r is large 
and coth r/2X approaches unity this becomes 

( 3 ) 

*» + •» (*i + *i)[V (*i + + 1] 

where the second term is now independent of the electrode separation and 
will contribute a constant resistance and reactance. Hie first term, how- 
*ever, is inductive, if either or both of z\ and z* are inductive, and this 
reactance will be important at large values of s. At high frequency, the 
overall impedance should become very high if Zi and Zs are both inductive, 
and should approach fir if zt alone is inductive or if Zi alone is inductive. 
On the basis of experimental evidence (p. 777) we may assume that zi, zt 
are non-inductive and may be replaced by ri, fs, and that the inductance 
is to be found in the membrane. 
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Membrane Impedance 

Before assuioing an equivalent circuit or a location for an inductive ele- 
ment in the membrane, it is helpful to obtain the frequency characteristics 
or the impedance locus for the membrane alone from the observed longi- 
tudinal impedances for the axon as a whole. Equation (2) now becomes, 


, fitt , 2flX 

Z «■ — - — 5 ^ = — j=========, = (4) 

+ ft (fj + f,)[\/ (fi + r,)/r, + coth s/2}] 

where X = V Zm/(fi + rj). It stiU seems reasonably safe to assmne that 
at high frequencies the current in the membrane is carried primarily by its 
capacity and that Zm approaches zero. Extrapolating to infinite frequency 

we have J?« = s. For direct current, the membrane has been 

+ r* 

shown to have a resistance, ft , pving the overall resistance at zero frequency, 

J _! 

fi + ft (fi + f,)[V (ri + r*)/r» + coth s/2Xol 

where Xo = "s/u/iri + rj). We then find for the frequency dependent part 
of the longitudinal impedance 


z — R^ _ V (*’1 + 

ft “ ft» \/ (fi + f^/ft + coth s/2\ 




and for s large, 

or **-r4Z* (6) 

Remembering now that 2 and z« are complex quantities, we see immediately 
that equations (6) are conformal transformations of the simplest kind 

(Weaver, 1934)j_ ' _ _ 

IiZ=^ R+jX and z„ = f» +jXm, then +>*« = r^ilP - 
from which f«, may be calculated at each frequency. Expressing both 
impedances in polar coordinate form 

and i.-lf.la'*" 

we have 

(7) 

and so 

The absolute value of the membrane impedance, z„ is then proportional 
to the square of the absolute value of Z, the frequency dependent part of 
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the longitudinal impedance, and the phase angle of the membrane 
impedance is twice that of Z. This calculation is particularly simple to 
carry out graphically. In the case where the membrane is assumed to 
be a resistance and capacity in parallel, its impedance is given by T/Zm = 
y«c» + l/f 4 and thejocus of Fig. 1 o. The corresponding longitudinal 
impedance function, Z, for such a membrane is then represented by the 
locus of Fig. 1 b. Conversely, where the longitudinal impedance data, such 
as Figs. 3 and 4 a, are available, the membrane impedance is calculated 
as shown in Figs. 6 and 4 b. 

Equivalent Membrane Circuit 

For many purposes it is convenient to consider the membrane character- 
istics in terms of an electrical circuit. The impedance of this circuit at 
any frequency should then be approximately that of a unit area of the 
membrane. The circuit shown in Fig. 7 has been chosen for reasons to be 
discussed later. This equivalent membrane circuit contains the capacity 
element C, which has the impedance z = z(/ti))““ (where z and a are 
constants) characteristic of many dielectrics. With an impedance of this 
form, relatively simple calculations appear complicated and the meaning 
becomes obscure to say the least. For this reason, we shall consider here, 
as a first approximation, the circuit in which C is a pure capacity. The 
impedance of the circuit is then 

^ {R -f jwVlIjuiC _ 1 -^jaL/R 

~ R+j<oL + l/jwC ” 1 - U*LC +jaRC 

If we now let Z/R = Z = R jX and p* = u^LC, = RK^/L we have 

jy 4. yr _ ^ +}’>h _ t ,}» 1 - y« -i;* 

If is the damping factor for the circuit, and v is proportional to the frequency. 
At the imdamped resonant frequency of the circuit, s »»o = 1, and we 
have 

R +jX - 1/,* +j/„ (10) 

Also the reactance X is zero, X{v) = 0 at a frequency v, other than ^ro 
or infinity for v* - I - (11) and R(v) = 1/ij* (12) only when rj ^ 

1. Then S.(y) ^ 1 and in this case with equation (10) we have a convenient 
method for determining vo as well as rj. 

The loci of equation (9) have been plotted in Fig. 8 for several values of 
1 ). For f] — 00 , the inductance is negligible and the locus is a semi-drcle 
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determined by the resistance and capacity, and for t) = 2.0, the circuit is 
critically damped. If rj = y/ 2, the damping is 70.7 per cent of critical 
or “optimum” which is oiten pteietahie to critical damping lot lecoiding 
instruments. The case of tj = 1 .0 is anomalous in that the locus approaches 
the zer# frequency resistance along the resistance aris rather than at right 
angles'^s it does for all other values of ij. As shown by van der Pol (1937) 
and ^ode (1938) the energies stored by the inductances and capacities for 
direc^ current are equal in this case. 

\ ^ DISCUSSION 

T^e concept of an inductance in a cell membrane is so foreign to our past 
exp^ence and so difficult to grasp that we must inquire closely into each 
of the steps which has led to it before we can resign ourselves to the necessity 
of accepting and using it. There are observations of potentials and exdta- 
bilitfes which are strongly indicative of an inductive element in the mem- 
bran|, but the present impedance measurements seem to be the only direct 
proof of the necessity of such an element. If this proof is not conclusive, 
evidence of all kinds may at least make an inductance seem reasonable, but 
if the impedance results alone are adequate proof, the conclusions may then 
be uW as known factors in the interpretation of other phenomena. We 
chnil therefore discuss the present results without reference to other 
evidence. 

The only factors which have not been altered or replaced in the experi- 
mental work are the Wheatstone bridge and the squid axon. The bridge 
and its accessory equipment have been checked so often and in so many 
ways that it seems highly improbable for an error of 0.01 to 0.02 #tf at 
frequencies of 50 to 200 cycles to appear only when a live axon was in the 
measuring ceU. Three measuring cells with two differenUypes of electrodes 
have been used and the mineral oil was changed or omitted without effect. 
It thus seems quite certain that the impedance characteristics are those of 
the axon. We are then able to prove theoretically that when an inductive 
reactance is measured there must be an inductance in the axon. TWs 
reactance was relatively independent of the external connective tissue on 
the axon which helps to eliminate it as a factor. The spatial and temporal 
variability encountered makes one suspect the membrane but dc«s not 
eliminate the axoplasm. The experiments on the relation between im- 
pedance and interpolar distance are not completely satisfactory, but they 
do not consistently permit either an inductive axoplasm or connective 
tissue Furthermore, none of these results eUminate an inductance from 
the membrane and there are several which can only be reasonably explamed 
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by an inductive structure in the membrane alone. On the other hand, it 
has not yet been possible to show that an axon with inductive axoplasm or 
connective tissue can have an impedance locus similar to the loci found 
experimentally. We are then fairly well justified in assiuning, until better 
evidence is found to the contrary, that the axon has an inductive as well as 
a capadtative element and that these are both located in the membrane, 
while the axoplasm and coimective tissue are purely resistive. 

With the reactive elements located in the membrane, and a sufficient 
distance between the electrodes, the calculation of the membrane impedance 
from the longitudinal impedance is found to be unexpectedly simple. Any 
attempt to interpret these membrane data should be regarded as speculation 
and accepted only tentatively, but some general features are quite obvious. 
The behavior at high frequencies is that of a dielectric impedance which 
has been referred to as the ion-impermeable aspect of the membrane (Curtis 
and Cole, 1938; Cole and Curtis, 1939). The phase angle and probably 
the capacity of this impedance agree with the values previously foimd from 
transverse measurements. The extrapolated direct current resistance of 
the membrane has not been carefully measured as a function of the electrode 
separation, but it is in better than qualitative agreement with other 
measurements (Cole and Hodgkin, 1939; Cole and Curtis, 1941). As 
before, we may consider this resistance as a measme of the ion-permeable 
aspect of the membrane and essentially in parallel with impermeable or 
capadtative portion. The equivalent drcuit previously used for the 
membrane still seems to be satisfactory at both the very high and the very 
low frequendes, and we naturally wish to change these characteristics as 
little as possible when we introduce an inductance into the circuit. The 
fact that the membrane impedance has a maximiun shows that the circuit 
is anti-resonant with the capacity and inductance in parallel. The direct 
current resistance must then be in series with the inductance and so we are 
led to the drcuit of Fig. 7. As has been pointed out, many other and more 
complicated drcuits can be found to e:q>ress the data equally well or better, 
but we hesitate to consider a more involved situation until it is absolutely 
necessary for structural or phenomenological reasons. The structural 
> implications of the elements of the present circuit and the application of the 
circuit as a whole to several physiological phenomena will be considered 
later (Cole, 1941). 

There is adequate reason to believe that the membrane capadty of about 
1 /jf/cm^. is a structural characteristic which is relatively inert and in- 
sensitive to ph 3 rsiolQgical and pathological chaoges. On the other hand, 
the ftcc umu lftting evidence emphasizes the importance of the membrane 
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resistance and supports the growing conviction that this factor either 
governs or expresses the physiological condition and behavior of the cell. 
Unfortunately, from the available data it is not yet apparent whether or 
not the inductive element is a function of physiological condition. Where 
an imdamped natural frequency can be calculated, it is surprisingly constant 
and is in a frequency range which is significant for a variety of other cells 
and phenomena. This suggests that the inductance may be as widespread 
and as constant as the membrane capacity. 

There are some objections to the assumed circuit which are quite ap- 
parent. It seems fairly certain that as an axon deteriorates the membrane 
resistance decreases steadily. As this progresses the axon becomes in- 
excitable and finally the membrane capacity is short-circuited. If this 
were the only change taking place, the membrane might be initially over- 
damped, but would become increasingly under-damped and show a larger 
and larger inductive reactance as the resistance fell. This is not the case, 
for the inductive reactance vanished before the axon became inexcitable 
and never reappeared later. The circuit may be modified by the addition 
of a second variable resistance to include this observation, but the evalua- 
tion of an added unknown cannot be undertaken with the present data. 

The characteristics shown in Figs. 4 a and h were found for a number 
of axons and they are particularly puzzling. From the analysis of the 
circuit it is found that the impedance locus should only approach the zero 
frequency resistance along the resistance axis in the case of optimum damp- 
ing, r\ = 1 . 0 , while in all other cases the locus should approach the resistance 
axis at right angles. It is difficult to blame the circuit for this but it seems 
imduly optimistic to expect the axon to adjust itself so often to this value 
of 17 . Another factor to be borne in mind is that it has been commonly 
assumed that the resistance in the capacitative arm,-'\)thec than that repre- 
senting the dielectric loss, is negligible. This assmnption has not been 
proven and may not be justified. 

An application of the present results, and in particular the inference of 
an inductance, to a normal squid axon and to other materials may be 
reasonably questioned. The net inductive reactance was not foimd in the 
fl ynpa which were judged to be the least abnonnal, but there is more than a 
suspicion that the impedance loci of these were similar to Fig. 4 o, which 
also requires an inductance. Until it is possible to work with’ normal 
rather than surviving tissue we will not be in a position to do more. On 
the other hand, the stability of a good axon after it had equilibrated itself 
was comparable to that achieved in other experiments with this preparation, 
and we may assume that the process of equilibration and the steady state 
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were probably similar. If this is true, the longitudinal impedance measure- 
ment is at least a very sensitive index of the condition of the axon. 

SUMMAEY 

Longitudinal alternating current impedance measurements have been 
made on the squid giant axon over the frequency range from 30 cycles per 
second to 200 kc. per second. Large sea water electrodes were used and 
the inter-electrode length was immersed in oil. The impedance at high 
frequency was approximately as predicted theoretically on the basis of the 
f>oorly conducting dielectric characteristics of the membrane previously 
determined. For the large majority of the axons, the impedance reached 
a maximum at a low frequency and the reactance then vanished at a fre- 
quency between 150 and 300 cycles per second. Below this frequency, the 
reactance was inductive, reaching a maximum and then approaching zero 
as the frequency was decreased. 

The inductive reactance is a property of the axon and requires that it 
contain an inductive structure. The variation of the imi>edance with inter- 
polar distance indicates that the inductance is in the membrane. The 
impedance characteristics of the membrane as calculated from the measured 
longitudinal impedance of the axon may be expressed by an equivalent 
membrane circuit containing inductance, capacity, and resistance. For a 
square centimeter of membrane the capacity of 1 /xf with dielectric loss is 
shunted by the series combination of a resistance of 400 ohms and an 
inductance of one-fifth henry. 
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INTRODUCTION 

Nitrogen fixation by living organisms must be considered one of the fun- 
damental life processes. The importance of investigations directed to- 
wards further elucidation of this little understood process need scarcely be 
emphasized. During the past four decades, well over a thousand published 
papers have resulted from the study of just one of these organisms, the 
free-living aerobic nitrogen-fixing bacterium Azotobacter. 

Experiments with ionizing radiations have given valuable information in studies on 
the “sensitive volumes’^ associated with mutations in Drosophila (Haskins and £nz- 
mann, 1936; Enzmann and Haskins, 1938), and on the mechanism of photosynthesis 
in Chlorella pyrenoidosa (Arnold, 1933); and experiments with a similar purpose have 
been made with low voltage cathode rays on Aspergillus (Whelden and Haskins, 1938; 
Buchwald and Whelden, 1939; Whelden el al,, 1940). Work employing radiations in 
the study of the mechanism of nitrogen fixation by Azotobacter is very meager. 

The influence of visible light upon the rate ot nitrogen fixation has been noted by 
several workers, but no comprehensive study has been made. It has been stated that 
nitrogen fixation takes place in light as well as in darkness. > Kay:?er (1920) tested the 
influence of visible light upon N-fixation by using differently colored glass containers 
as culture vessels. He reported that nitrogen fixation was small in violet-colored vessels 
and large in brown ones. Mannite as energy source was completely used up in 3 months 
at room temperature in brown, green, and black containers. The same author (Ka 3 rser, 
1921) tested the influence of uranium salts (acetates and nitrates) upon N-fixation and 
found that the utilization of mannite as well as nitrogen fixation was increased thereby. 
With glucose as energy source the effect was even more pronounced. The addition of 
powdered radioactive salt to culture media (Kayser and Delaval, 1924) increased nitro- 
gen fixation by as much as 75 per cent. Stoklasa (1920) experimented with potassium 
which emits and y rays, and agreed with others who had reported it to stimulate various 
life processes such as photosynthesis and embryonic development. He found that 
radium emanations at amounts of 80 to 150 ME {MUlieinheiten) were not harmful to 
nitrogen fixation, and indeed even stimulated it. 

789 
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The present investigations attempt to answer the following questions: 

1. What functional relationship can be obtained between nitrogen fixa- 
tion and graded x-ray doses? 

2. Does exposure to x-rays affect respiration and nitrogen fixation in the 
same way and to the same degree? 

Material and Methods 

The three species of Azotobacter used in the present work: Azotobacter ckroococcum^ A, 
agilis, and A. vinelandii were originally obtained through the kindness of Dr. Dean 
Burk and have been cultured in our laboratory on agar slants from which inoculations 
were made to liquid cultures as required. The organisms were grown in liquid culture 
in 250 cc. Erlenmeyer flasks closed with perforated rubber stoppers holding the glass 
and rubber aerating systems. The rate of air flow could be regulated by a set screw on 
each valve. The rate of bubbling of air through the cultures, the temperature of the 
incubator, the composition of the medium, and the handling of the cultures were in 
accordance with the methods described by Burk (1930). Burk’s method of culturing 
in gas wash-bottles was also used at first, but was abandoned since it was more difficult 
to handle and did not give any better results than the method here described. 

Azatobader cultures were incubated up to 24 hours, during which time the cell count 
rose to 30,000-150,000 cells per cubic millimeter, depending mainly on the rate of 
aeration. 

All counts were made with a Neubauer hemocytometer after diluting the culture to 
an approximate cell count of 20,(X)0-30,000 cells per cubic millimeter. A drop of acetic 
acid added to 20 cc. of culture medium shortly before counting stops all motility of the 
cells and facilitates counting by increasing their refractive index. 

After removing the cultures from the aerating system they were tested for pH with 
brom th 3 anol blue solution; for sugar content with Nessler solution;^ for freedom from 
contamination, by microscopic examination; for cell density by cell count or by centri- 
fuging. Suitable samples of cultures were well shaken to insure even cell distribution 
and divided into two portions of 30 cc. each, one of which was x-rayed while the other 
was kept as a control. The x-raying was done in Harvard jars at 35 cm. target distance 
with a Coolidge x-ray machine, delivering 330 Roentgen units per minute at 168 kv. peak 
voltage and 10 milliamperes. No filters were used. The x-ray doses employed were 
500 r., 1000 r., 3000 r., 3300 r., 5000 r., 10,000 r., and 20,000 r. Two controls were run 
simultaneously with each set of experiments: one unrayed culture and a HgO control. 

Nitrogen ^tion was measured by the method used and described by Burk in his 
experiments demonstrating N-fixation by manometric methods (1930a ) } Since previous 
porkers have stated that Uie efficiency of N-fixation reaches a maximum at high partial 
pressures of gaseous nitrogen (Meyerhof and Burk, 1928; Burk, 19305), we used a pre- 
pared gas mixture, containing about 1 per cent Oi. 

In hj^ndling the Warburg manometers we generally followed the method employed 
by Burk to demonstrate nitrogen fixation gasometrically, except for minor modifications. 

^ By a method described by Burk, 1930 a. 

> Pp. 1178-1179 for technical details. 



K. M. WHELDEN, E. V. ENZMANN, AND C. P. HASKINS 


791 


The g&s mixture we used contains less oxygen than that recommended for nni.Tiinii.1 ef- 
ficiency of nitrogen fixation by Burk, but has the advantage that the geometry of the 
apparatus permits a complete gas analysis. 

The success of the experiment depended mainly on the accuracy of measuring small 
quantities of gas volumes. The greatest single source of error was the determination of 
the manometer reading corresponding to the starting point. This depends on tempera- 
ture adjustments, degassing of liquids, and the gas consumption by the organisms. 
The first two factors tend to raise the manometer level, the last reduces it. Corrections 
are applied the following way. Temperature equilibration produces manometer reading 
changes which follow Newton’s law and which under our experimental conditions are 
virtually completed in 15 minutes. The degassing of the liquids in the Warburg vessels, 
or more correctly the establishment of new partial pressures of gases in the manometers 
and corresponding changes in the proportion of dissolved gases, requires 30-60 minutes 
and proceeds nearly linearly with time in the final stage. The decrease in gas space due 
to respiration and nitrogen fixation takes place as soon as the vessels are filled and the 
stopcocks are closed. The corrections are determined by observations on control vessels 
containing HaO instead of cultures. The importance of applying such corrections is 
shown by the fact that the establishment of new gas equilibria produces an average 
change in gas volume equal to about 20 per cent of the volume of the nitrogen removed 
during fixation. 

The influence of the hydrostatic pressure of the manometer fluid upon the measure- 
ment of gas volumes was eliminated largely by adjusting the manometer levels so that 
they would be as far above the zero mark ( » 150 nun.) at the start of the experiment, 
as they would be below the zero mark at the end. 

Most of the experiments were terminated about 4 hours after x-raying the material, 
in order to avoid the possible recovery due to new cell generations of AzotohacUr, Fur- 
thermore, carrying the experiments to completion, ix, until the cells had consumed all 
available oxygen, was found to add little to the results since about 65 per cent of the 
oxygen is consumed during the first 3 hours and the rate of oxygen consumption as well 
as the efiiciency of nitrogen fixation declines considerably at very low oxygen pressures. 


RESULTS 


A. Respiration 

The ejqperiments summarized below were done under uniform standard 
conditions defined by: 


Age of culture 

Cell count 

Cell picture 

pH 

Bath temperature 

Shaker sp<^ 

Duration of run . . 


20-24 hrs , 

30-200 thousand cellB/c.mm., 
free of contaminants, 

7. 0-7. 3, 

28.2 =b 0.02«C., 

140 cydes/min., 

3 hrs. 


At the end of each run the remaining oxygen was removed m(h alkaline 
pyrogaUol, by muring the culture with 0.3 cc. of concentrated pyrogalhc 
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add and 0.3 cc. saturated solution of KOH. The rate of respiration of a 
normal umrayed culture of Azotobacter compared with that of cultures which 
had received a dose of 3300 r. is shown by Fig. 1. The vessels contained 
atmospheric air. 

All curves made under the same conditions show a slight initial rise in 
the rate of respiration followed by a period of almost constant rate. When 
the same experiment is repeated imder an atmosphere of 99 per cent Ni 
and 1 per cent O 2 the initial rise in the rate of respiration is extremely brief 
and is quickly followed by a decline in respiration rate (Fig. 2). Very 
little difference has been fotmd between x-rayed and imtreated cells in the 
rate of oxygen consumption per cell per hour, within the radiation dosages 




used (0.278/t* Oj/cell/hour for imrayed controls; 0.280/** 0*/cell/hour for 
x-rayed cells are average amounts). It may be concluded that respiration 
is not markedly affected by x-raying the cells within the dosage range repre- 
sented by the present experiments. A slight stimulation of respiration was 
often observed in x-rayed cultures, which is shown in the early periods in 
Figs. 1 and 2. It is noted that the final rate of osygen consumption of 
x-rayed cells is slightly lower than that of the unrayed controls, although 
^ it was nearly identical at the start of the experiment. This is explained by 
the slower rate of cell division of x-rayed cells. Actual counts of x-rayed 
and control samples give figures which are commensurate with the 
measured differences in the rate of respiration. 

B. Nitrogen Fixation 

In contrast to respiration, nitrogen fixation is markedly affected by x- 
irradiation. This is shown in Table I. Column I indicates the treatment 
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of the culture, column II the total fall of the manometer level due to re- 
moval of oxygen as well as nitrogen by respiration and nitrogen iBbcation, 
as well as by KOH and pyrogallic acid. Column III shows the amount of 
oxygen and nitrogen removed by respiration and nitrogen fixation alone, 
colunm IV the amount of nitrogen fixed, and column V the amount of 
oxygen used up in respiration while fixation went on. All volumes are in 
cubic millimeters at normal temperature and pressure. The contents of 
the table are visualized easier by reference to the diagram (Fig. 3) drawn 
to scale, which also illustrates the method of calculating the efl&ciency of 
nitrogen fixation. 


TABLE I 

Showing the Influence tif X-Raying with Various Doses upon Respiration, Nitrogpn Fixation, 
and Efficiency of Nitrogen Fixation by Aeotobacter 


I 

II 

HI 

IV 

V 

VI 

VII 

Treatment applied 

ToUlfal1,Oi + Ni 
remov^ 

Oi + Ni 
removed 
by respira- 
tion 

Nt fixed 

Otused up 
during 
fixation 

Efficiency 
of fixation 

No. of ex- 
periments 
performed 

HaO controls 

163.3 


0.0 

0.0 

PvemU 

146 

0 r. controls 

172.8 ±0.40 

117.3 

9.5 

107.8 

8.75 

211 

500 r. 

172.4 ±0.41 

118.2 

9.4 i 

108.8 

8.70 

74 

1000 r. 

171.3 ±0.82 

112.9 

8.3 

104.6 

8.0 

71 


169.9 ±0.34 

111.7 

6.9 

104.8 

6.5 

61 


167.5 ±0.42 


4.5 

108.6 

4.6 

76 

10000 r. 

164.6 

108.5 

0.9 

107.6 

0.83 

23 


Beside each horizontal bar is indicated the nature of the experiment 
and the bar itself represents the fall of the manometer level during 
the experiments. The length of the bar marked 'H»0 indicates the 
number of cubic millimeters of 0» and CO* removed by KOH and pyro- 
gallic acid. This amount would have been removed from all vessels had 
they contained HjO instead of living Azotobacter. The excess drop in cul- 
ture vessels over that in H*0 contdning vessels measures therefore the 
amount of nitrogen removed by Azotoboctcr from the gas mixturei or the 
amoimt of nitrogen fixed. Column IV of Table I as well as Fig. 3 show 
unrayed cultures fiix the largest amount of nitrogen, and that the 
amount of N, fixed decreases regularly with increasing x-ray dose. 

The initial experiments (500 r.-5000 r.) showed that nitrogen fixation 
decreased linearly with increasing x-ray dose. One could therefore by ex- 
trapolation determine the x-ray dose which would aboUsh N-fixation com- 
pletely. Fig. 4 shows that this dose should be about 11,000 r. Subsequent 
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determinations with very high x-ray doses (10,000 r., 20,000 r.) showed 
that the 100 per cent effective dose is higher than e:q)ected and that the 
decreas*^ of N-fixation as a function of x-ray dose is not strictly linear. 


Gq 0 conaumod Jbefore mixing 
with KQH and acid 




0 ,12345678910 11 12 


X-rcy doee in 1000 n 
Fig. 4 

C. Efficiency 

The effiden <7 of nitrogen fixation is defined as the amount of nitrogen 
fixed divided by the amount of oxygen used up during the time when fixa- 
tion took place. 
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^ Reference to the diagram (Fig. 3) shows that the true amount of Oi used 
in r^piration can be found by subtracting the amount of nitrogen fixed 
(striped bars) from the total decrease in gas space (indicated by bracket 
and legend), before KOH and pyrogallic acid were mixed with the cultures 
and the germs were killed. Table I (column VI) shows that the efficiency 
of fixation also decreases regularly with an increase of the x-ray dose. 

It should be noted that several experiments were carried on until prac- 
tically all o^gen was removed by respiration, and spilling of KOH plus 
P3nrogallic acid produced no further fall. These control experiments agreed 
substantially with the ones detailed in the table, the total amounts of nitro- 
gen fixed being but slightly higher. 

DISCUSSION 

It is generally thought that respiration as well as nitrogen fixation are 
chain reactions governed by enzyme systems. The system involved in N- 
fixation by Azotohacter has been discussed by Burk (1934). Several other 
schemes have been put forward, most of which involve the assumption that 
the energy derived from the respiration is used to drive the second mecha- 
nism namely nitrogen fixation. This may be represented as follows: 

Respiration: sugar -t- Oj — » A —> B — ♦ COs -t* H*0. 

N-fization: N -i- HjO — * P -♦ Q — ♦ fixed N (protdn). 

The present experiments indicate that the respiratory chain of events as 
a whole is not aiSected to any great extent by x-rays of the doses used. 
Nitrogen fixation however is affected and decreases in a regular fashion 
with increasing x-ray dose. It can therefore be stated with some assurance, 
that the two processes, respiration and N-fixation, can be dissociated to an 
extent depending on the x-ray dose. Such a dissociation of the two proc- 
esses is not entirely new and may take place spontaneously; a conaderable 
number of students have reported a sudden loss of the power of Azotohacter 
to fix nitrogen. The dissociation can also be brought about by offering to 
Azotohacter certain energy foods which support respiration more or less 
completely but on which the organism is unable to grow. (We shall report 
on these experiments in a later communication.) 

Arnold (1933) reported a similar dissociation of re^iration and photo- 
synthesis, when ChloreUa was irradiated with ultraviolet light. 

SUHMARY 

The influence of graded x-ray doses upon nitrogen fixation and respira- 
tion by Azotohacter was studied by means of the Warburg method. It was 
found that nitrogen fixation decreases approximately linearly with in- 
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creasing x-ray doses. Respiration in contrast is affected only indirectly 

through some inhibition of cell multiplication. Small doses of x-ray often 

produce a slight and transient increase in the rate of oxygen uptake. 
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